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FOREWORD

NASA experience has indicated a need for uniform criteria for the design of space vehicles.

Accordingly, criteria are being developed in the following areas of technology:

Environment

Structures

Guidance and Control

Chemical Propulsion

Individual components of this work will be issued as separate monographs as soon as they

are completed. This document, part of the series on Chemical Propulsion, is one such

monograph. A list of all monographs issued prior to this one can be found on the final pages
of this document.

These monographs are to be regarded as guides to design and not as NASA requirements,

except as may be specified in formal project specifications. It is expected, however, that

these documents, revised as experience may indicate to be desirable, eventually will provide

uniform design practices for NASA space vehicles.

This monograph, "Liquid Rocket Lines, Bellows, Flexible Hoses, and Filters", was prepared
under the direction of Howard W. Douglass, Chief, Design Criteria Office, Lewis Research

Center; project management was by M. Murray Bailey. The monograph was written by C. M.

Daniels, Rocketdyne Division, Rockwell International Corporation and was edited by
Russell B. Keller, Jr. of Lewis. Significant contributions to the text were made by T. Nelson,

J. R. Rollins, and L. Sack of Rocketdyne Division, Rockwell International Corporation. To

assure technical accuracy of this document, scientists and engineers throughout the

technical community participated in interviews, consultations, and critical review of the

text. In particular, J. W. Akkerman of the Lyndon B. Johnson Space Center; K. W. Baud of

the Lewis Research Center; R. H. Henry of Space Division, Rockwell International

Corporation; H. S. Hillbrath of The Boeing Company; P. L. Muller of Marshall Space Flight

Center; F. D. Sullivan of Aerojet Liquid Rocket Company; and T. M. Weathers of Systems

Group, TRW, Inc. individually and collectively reviewed the monograph in detail.

Comments concerning the technical content of this monograph will be welcomed by the

National Aeronautics and Space Administration, Lewis Research Center (Design Criteria

Office), Cleveland, Ohio 44135.

April 1977
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GUIDE TO THE USE OF THIS MONOGRAPH

The purpose of this monograph is to organize and present, for effective use in design, the

significant experience and knowledge accumulated in development and operational

programs to date. It reviews and assesses current design practices, and from them establishes

firm guidance for achieving greater consistency in design, increased reliability in the end

product, and greater efficiency in the design effort. The monograph is organized into two

major sections that are preceded by a brief introduction and complemented by a set of
references.

The State of the Art, section 2, reviews and discusses the total design problem, and

identifies which design elements are involved in successful design. It describes succinctly the
current technology pertaining to these elements. When detailed information is required, the
best available references are cited. This section serves as a survey of the subject that provides

background material and prepares a proper technological base for the Design Criteria and
Recommended Practices.

The Design Criteria, shown in italics in section 3, state clearly and briefly wha....._trule, guide,
limitation, or standard must be imposed on each essential design element to assure

successful design. The Design Criteria can serve effectively as a checklist of rules for the

project manager to use in guiding a design or in assessing its adequacy.

The Recommended Practices, also in section 3, state how to satisfy each of the criteria.

Whenever possible, the best procedure is described; when this cannot be done concisely,

appropriate references are provided. The Recommended Practices, in conjunction with the

Design Criteria, provide positive guidance to the practicing designer on how to achieve
successful design.

Both sections have been organized into decimally numbered subsections so that the subjects

within similarly numbered subsections correspond from section to section. The format for

the Contents displays this continuity of subject in such a way that a particular aspect of

design can be followed through both sections as a discrete subject.

The design criteria monograph is not intended to be a design handbook, a set of

specifications, or a design manual. It is a summary and a systematic ordering of the large and

loosely organized body of existing successful design techniques and practices. Its value and

its merit should be judged on how effectively it makes that material available to and useful

to the designer.

in



iv



CONTENTS

1. INTRODUCTION ............................

2. STATE OF THE ART ..........................

3. DESIGN CRITERIA and Recommended Practices ................

APPENDIX A - Conversion of U.S. Customary Units to SI Units ............

APPENDIX B - Glossary ............................

REFERENCES ................................

NASA Space Vehicle Design Criteria Monographs Issued to Date .............

Page

1

3

103

145

147

159

171

SUBJECT STATE OF THE ART DESIGN CRITERIA

Sizing 2.1.2 22 3.1.2 105
Flow Area 2.1.2.1 22 3.1.2.1 105

Wall Thickness 2.1.2.2 23 3.1.2.2 105

Control of Pressure Drop 2.1.3 24 3.1.3 106

Flow-Direction Change 2.1.3.1 24 3.1.3.1 106

Flow-Area Change 2.1.3.2 26 3.1.3.2 107
Flow Distribution 2.1.3.3 26 3.1.3.3 108

Flow Resistance 2.1.3.4 28 3.1.3.4 109

Control of Pump-Inlet-Line Vibration

Components 2.1.5 32 3.1.5 109

Separable Connectors 2.1.5.1 32 3.1.5.1 109
Manifolds 2.1.5.2 33 3.1.5.2 110

Brackets, Bosses, and Mounting Lugs 2.1.5.3 34 3.1.5.3 111
Insulation 2.1.5.4 36 3.1.5.4 111

Hot-to-Cold Duct Intersections 2.1.5.5 40 3.1.5.5 113

Routing 2.1.1 16 3.1.1 103
Centerline Geometry 2.1.1.1 16 3.1.1.1 103
Deflection Limitation 2.1.1.2 20 3.1.1.2 104

Torsional De flection 2.1.1.3 21 3.1.1.3 104

2.1.4 28 3.1.4 109

LINE ASSEMBLY 2.1 11 3.1 103



SUBJECT STATE OF THE ART DESIGN CRITERIA

Elbows

Handling-Protection Devices

2.1.5.6 40 3.1.5.6 114

2.1.5.7 40 3.1.5.7 114

Materials 2.1.6 41 3.1.6 115

Chemical Compatibility 2.1.6.1 42 3.1.6.1 115

Physical and Mechanical Properties 2.1.6.2 43 3.1.6.2 118
Fo rmability 2.1.6.3 46 3. I. 6.3 118

Weldability 2.1.6.4 47 3.1.6.4 118

Lubricants 2.1.6.5 47 3.1.6.5 119

Testing

Test Requirements
Test Instrumentation

BELLOWS JOINT

Bellows

Pressure Capability

Fatigue Life

Buckling Stability
Corrosion Resistance

Manufacturing

Bellows Restraint

Mechanical Linkages

Thrust-Compensating Linkages
Compression System

Bellows-to-Duct Attachment

Joint Quality

Flow Liners

Liner Binding

Liner Drainage
Liner Collapse Strength

FLEXIBLE HOSE

Routing

Bend Configuration

Sizing
Flow Area

lnnercore/Hardline Relation

2.1.7 47 3.1.7 119

2.1.7.1 47 3.1.7.1 119

2.1.7.2 51 3.1.7.2 124

2.2 52 3.2 125

2.2.1 54 3.2.1 125
2.2.1.1 55 3.2.1.1 125

2.2.1.2 56 3.2.1.2 126

2.2.1.3 61 3.2.1.3 127

2.2.1.4 61 3.2.1.4 128

2.2.1.5 62 3.2.1.5 128

2.2.2 65 3.2.2 130
2.2.2.1 65 3.2.2.1 130

2.2.2.2 72 3.2.2.2 133

2.2.2.3 76 3.2.2.3 133

2.2.3 78 3.2.3. 134

............. 3.2.3.1 134

2.2.4 81 3.2.4 135

............. 3.2.4.1 135

............ 3.2.4.2 135

............ 3.2.4.3 135

2.3 82 3.3 136

2.3.1 83 3.3.1 136

.............. 3.3.1.1 136

2.3.2 85 3.3.2 137

............ 3.3.2.1 137

............ 3.3.2.2 137

vi



SUBJECT

Innercore

Operational Capability

Bending Moment

Buckling Stability

Braid

Freedom of Movement

Length Stability
Pressure Capability

End Construction

Bending Moment

FILTERS

STATE OF THE ART DESIGN CRITERIA

2.3.3. 85 3.3.3 137

2.3.3.1 85 3.3.3.1 137

2.3.3.2 87 3.3.3.2 138

2.3.3.3 87 3.3.3.3 138

2.3.4 88 3.3.4 138
...... 3.3.4.1 138

--- 3.3.4.2 139

.... 3.3.4.3 139

2.3.5 92 3.3.5 139

2.3.6 94 3.3.6 140

2.4 94 3.4 140

Filter Element 2.4.1 95 3.4.1 140

Filter Rating 2.4. I. 1 96 3.4.1.1 140

System Contamination/Filter Area 2.4.1.2 98 3.4.1.2 141
Residual Filter Contamination 2.4.1.3 99 3.4.1.3 141

Filter Material as Contaminant 2.4.1.4 99 3.4.1.4 142

Pressure Drop 2.4.1.5 100 3.4.1.5 143

Testing 2.4.1.6 101 3.4.1.6 143

2.4.2 101 3.4.2 1_Filter Case

vii



viii



LIST OF FIGURES

Figure

1

2

3

4

5

6

Title Page

Typical hne, bellows, and hose assemblies on a large pump-fed rocket engine (J-2) 9

Tension-type flexible-line configurations ................... 14

Compression-type flexible-line configurations ................. 14

Common configurations used to provide flexibility in hard lines .......... 16

Propellant feedline arrangement on the LEM descent engine ........... 18

Plan view of articulating duct arrangement in gimbal plane of

Space Shuttle main engine ........................ 19

7 Arrangement of hard lines on pump discharge of F-I engine ........... 21

8 Tightly formed bellows subassembly used to absorb torsional deflection of primary

bellows in inlet line of pump on J-2 engine .................. 22

9 Typical vaned elbow configuration ..................... 25

I0 Flow guide vanes in sharp elbows of pump inlet lines .............. 25

11 Flow-distribution device incorporating an "egg-crate" type of flow straightener .... 27

12 Flow splitter in propellant feed system of LEM descent engine .......... 27

13 Standpipe with bubble for Pogo suppression, Titan II oxidizer pump inlet line .... 30

14 Spring-loaded accumulator for Pogo suppression, Titan II fuel pump inlet line .... 30

15 Schematic of Pogo suppression system in LOX feed system on SSME ........ 31

16 Rotation of flanged joint as a result of internal pressure load ........... 32

17 Three examples of rocket engine manifolds .................. 33

18 Turbine exhaust manifold designed for equal distribution of flow ......... 35

19 Handling-protection devices for bellows ................... 41

ix



Figure

20

21

22

23

24

25

26

27

28

29

3O

31

32

33

34

35

36

37

38

39

Title Page

Fourexamplesofbellowsjoints ...................... 53

Threeprimarymodesofbellowsvibration .................. 58

Exampleofdouble-bellows-spoolpiececonfigurationsusceptibletovibration ..... 61

Twoexamplesofproblemsinbellowsfabrication ............... 63

Internalandexternalmountingof gimbal rings with double-shear clevis pins ..... 67

Chain-link restraint joint with internal tie ................... 68

Ball-bearing ball-joint restraint used on F-1 engine

oxidizer pump for engine test ....................... 69

Internally tied tripod flex joint used on discharge duct
of SSME low-pressure pump ........................ 70

Externally tied gimbal ring flex joint used on SSME high-pressure lines ........ 70

Typical "Gimbar" restraint assembly used on f'dl and drain

lines of Space Shuttle Orbiter ....................... 71

Thrust-compensating linkage employing a thrust-compensating bellows (PVC joint) 72

Thrust-compensating linkage, internal pressure (F-1 pump inlet line) ........ 74

Thrust-compensating linkage, external pressure ................ 74

Finger-compensator joint with thrust-compensating chamber ........... 75

Thrust-compensating linkage with external tie bar

(J-2 oxidizer high-pressure duct) ...................... 75

Installation of compression bellows to minimize loading on support structure ..... 76

Typical bellows-to-duct attachments .................... 77

Detail design of bellows-to-duct attachments on SSME ............. 78

Design change to preclude fatigue failure of bellows-to-duct
attachments on H-1 turbine exhaust ..................... 79

Fitup problem with resistance seam welding of thin-wall ducts .......... 80



Figure

4O

41

42

Title Page

Typical flow-liner configurations ....................... 81

Gimbal-plane wraparound hose configuration ................. 83

Off-center hose configuration crossing gimbal plane used in

engine-to-vehicle lines of J-2 engines ..................... 84

43 Typical weaves used in construction of tubular wire braid . . .' ......... 89

44 Braided-hose end construction for specific applications ............. 93

45 General-purpose end constructions for braided hose ............... 92

46 Typical bending moments for various configurations of braided metal hose ...... 94

47 Graph for determining pressure loss in a circular 90 ° elbow ............ 107

48 Pressure loss in a tapoff branch related to configuration of the branch ........ 107

49 Recommended flow-straightener design for relieving thermal-expansion
loads on duct wall ............................ 108

50 Recommended design for a flanged joint ................... 110

51 Recommended and unacceptable designs for bracket, boss,

and mounting-lug attachments ....................... 112

52 Recommended construction of vacuum-jacketed closeoff port ........... 113

53 Recommended design for hot-to-cold intersection of a manifold and duct ...... 114

54 Recommended technique for mounting vibration-measurement instrumentation
on braided flexible hose ......................... 125

55 Recommended vibration damper and antibuckling device for

double-bellows spoolpiece arrangement ................... 128

56 Recommended configurations for bellows weld-neck doubler ........... 130

57 Recommended design for centering bellows live length in chain-link restraint ..... 132

58 Recommended ball-bearing installation to offset effect of change

in pivot-point location .......................... 132

xi



Figure

59

6O

Title Page

Recommendedbellows-attachmentdesignforhigh-heat-fluxregion......... 134

Undesirableandpreferredconfigurationsforaflexibleelbow ........... 136

LIST OF TABLES

Table

I

II

III

IV

V

VI

VII

VHI

Title Page

Chief Design Features of Line Assemblies in Typical Uses on Operational and
Advanced-Development Engines and Vehicles ................. 4

Chief Design Features of Wire-Mesh Filters in Typical Uses on Operational and
Advanced-Development Engines and Vehicles ................. 12

Typical Properties, Forming Limits, and Relative Cost of Representative Alloys
Used in Line Assemblies 45

...................... ° . .

Typical Test Requirements for Line Assemblies ............... 48

Limiting Bulging Stresses and Allowable Motion Stresses of

Frequently Used Bellows Materials ..................... 55

Recommended Alloys for Line, Bellows, and Braided Flexible Hose

for Use With Typical Service Fluids ..................... 117

Recommended Practices for Component Tests ................. 120

Recommended Allowable Contaminant Particle Count for a

Critical-Installation Filter ......................... 142

xii



LIQUID ROCKET LINES, BELLOWS,

FLEXIBLE HOSES, AND FILTERS

1. INTRODUCTION

A liquid-propellant rocket engine and the vehicle for which it provides a propulsive force

represent an assemblage of fluid-flow components that must be interconnected if the

components are to perform their respective functions. These interconnections are provided

by the lines, bellows, and flexible hoses used on a typical rocket propulsion system. The

fluids in a given system are maintained at a required level of cleanliness by filters that
remove contaminant material.

A line (or duct) is an enclosed leak-tight passageway that conveys fluid from one

fluid-system component to another. (The terms "line" and "duct" are used interchangeably

in the aerospace industry and will be so used in this monograph.) A bellows is a thin-wall

circumferentiaily corrugated cylinder that when integrated into a line can accommodate line

movement through deflection of the corrugations (convolutions). A bellows joint normally
consists of a bellows and a restraint linkage, but it may be only a free bellows. Flexible hose

consists of a corrugated (convoluted) innercore restrained by an outer sheath or wire braid.
A filter is a device that removes contaminants from a fluid system by trapping particulate

matter within or on the surface of porous material; criticality of most rocket engine

components requires filtration to some degree for almost all control fluids prior to their

entry into valves, actuators, and other fluid-system components.

The successful design of line or duct assemblies and their components is based on many
considerations and factors. Some considerations are quite basic and are well grounded in

theory, while others are more subtle and have been learned through many failure analyses

and experiments.

Flexibility is designed into a line assembly so that it can accommodate deflections imposed

by various conditions such as thermal expansions and contractions, installation

misalignments, operational structural deflections, and thrust-vector gimballing. The most

common method for providing flexibility is to incorporate in the line a bellows or a section
of flexible hose or combinations thereof. A second method is to provide a hard line (no hose

or bellows) with sufficient flexibility to absorb the imposed deflections, flexibility being

achieved by special attention to line configuration, location of elbows, length-to-diameter



ratio, and line materialproperties.In someinstances(e.g.,tile Titan I engines),rotating
joints with dynamicsealshavebeenused,but to a much lesser extent than bellows joints or
"flexible" hard lines.

"File major problems in line assemblies have involved tile details of the flexible-joint elements

utilized. Less frequent problems have involved the entire assembly and include mechanical

vibration, corrosion, contamination, thermal-cycling fatigue, static-seal leakage, handling
damage, and mismade parts. The major problems with the flexible elements, in addition to

those just listed, have been fatigue failures (from flexure and mechanical or flow-induced

vibration), buckling-instability failure, and failure of the duct-to-bellows attachment joint.

The major problems in filter design have been determining the amount of built-in,

system-generated, and environmental contaminants to be filtered; contaminant capacity;
flow versus pressure drop for filter elements; and the physical size of filter required to

satisfy the system requirements.

This monograph begins with a discussion of tile line assembly that treats the key design

elements in the assembly in the logical, chronological order in which a designer would
proceed. Bellows (including linkages, liners, and associated components), flexible hoses, and

filters then are treated in order. Some of the design considerations in these areas overlap.
For example, similar considerations apply to the design of line assemblies with flexible

joints and to the design of a flexible-hose assembly; also, considerations for design of a
bellows in a flexible joint are similar to those for a bellows in a flexible-hose innercore.

Because the materials-selection factors, handling-protection devices, test requirements, and

test instrumentatio_ are very similar for lines, bellows, and flexible hoses, this information is

presented only once in the section "LINE ASSEMBLY." Filters, while not intimately
related to ducting, are a critical part of a rocket engine fluid system; they are discussed

separately and last in the monograph.
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2. STATE OF THE ART

Lines, bellows, and flexible hoses. - Table I* presents the chief design features of lines

bellows, and hoses in typical uses on representative operational and advanced-development

engines and vehicles. In the design and application of these components, many problems
were solved ; some problems still exist and have at best only partial solutions.

Flexible lines are more prevalent on large liquid rocket engines (booster or upper-stage main

propulsion) than on small engines (attitude control or reaction control). Small engines
seldom have exterior lines except for propellant feedlines. Little flexibility is required in
these lines because the engines usually are not gimballed and utilize storable**

(noncryogenic) propellants. The state of the art of rocket engine flexible lines thus is based

primarily on experience with large engines. Figure 1 shows the line, bellows, and hose

assemblies on a typical large pump-fed engine (J-2).

Early launch vehicles, as characterized by the Vanguard and Redstone, had relatively low

engine thrust and operating pressures. The flexible-line design problems were solvable within
the state of the art. Free bellows, restrained only by their installation attachment points,

were used for achieving flexibility in the propellant feed systems. The materials used for
both bellows and feedlines were stainless steels of the 18-percent-chromium,

8-percent-nickel family (18-8 CRES).

Propulsion systems for later launch vehicles (e.g., Jupiter, Thor, Atlas, and Titan) included

gimballed engines with greater operating pressures and larger line sizes than those on the

Redstone or Vanguard. Flexible lines were more sophisticated and required considerably

more development; 18-8 CRES remained as the predominant type of material, however.

The engines of the Saturn vehicles and the associated propellant feed systems presented

severe design requirements in flexible ducting. Advances in the state of the art were

necessary to meet those requirements. Line sizes, operating pressures, flow velocities, and

gimballing life - all far exceeded anything previously done. Higher strength materials were
necessary to minimize structural weights and to provide adequate fatigue life. The hardware,

being man-rated, had to be extremely high in reliability; reliability was proved through

many component, engine, and unmanned-flight tests.

The Saturn vehicle systems made extensive use of the pressure-volume-compensator (PVC)

type of duct assembly. This design concept was not used on any engines or vehicles prior to
the Saturn. Tension-type systems, which include PVC ducts, are the predominant systems
on the Saturn. The free-bellows compression system also was frequently used; examples are

*Factors for converting U.S. customary units in the table to the International System of Units (SI units) are given in

Appendix A.

**Terms and symbols, materials, and abbreviations are defined or identified in Appendix B.

3
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the LOX suction ducts (non-gimballing) and fuel drain duct on the S-IC and the pump inlet

ducts on the J-2 engine.

With the advent of the Space Shuttle Proyram (ca. 1969), the specifications for hardware

design included one new feature never before required for space vehicles: reusability. The

Space Shuttle must be capable of performing 100 missions. This requirement introduced the
need for longer low- and high-cycle fatigue lives, improved long-term corrosion resistance, a

greater number of gimballing cycles for articulating ducts, and ease of maintenance and
refurbishment. For example, some of the flexible vacuum-jacketed lines in the Shuttle

Orbiter main propulsion system are made entirely of lnconel 718 for long-term resistance to

damage and corrosion;in comparison, in the Saturn vehicle lines only the basic bellows were
made of this material. In addition, the high chamber pressure of the Space Shuttle main

engine (3000 psi, three times greater than any previous operational rocket engine), with

pump discharge pressures in excess of 7000 psi and pressures in the articulating flex ducts

greater than 5000 psi, made necessary a giant step in the state of the art for the design and

fabrication of components for service with high-pressure fluid.

Both the long calendar-life requirement (10 years) of the Space Shuttle and the earlier

established long-life requirements for unmanned missions to the outer planets make
consideration of the long-term aspects of materials selection in component design a must.

For example, caution must be exercised in using plastic materials beyond a two-year life.

Real-time tests are required to prove life compatibility of materials;accelerated tests are not

representative.

Filters.- Recognition of the need for filter protection of critical control components

occurred with testing of the Redstone engines. Periodic disassembly or disconnecting of

control lines and replacement of components permitted contamination to enter the engine

system. Failures of components, generally because of excessive leakage, were traced to the
contamination that had been introduced during the periods of disassembly. In subsequent

engine programs (Jupiter, Atlas, Thor, Saturn, Space Shuttle), filters were recognized as

being vital components in all systems containing contamination-sensitive control

components.

Commercial filters were used initially, but as engine requirements became more stringent

insofar as envelope and line connections were concerned, specifications to control these

features were generated. Filter specifications subsequently were expanded to control such
items as allowable pressure drop, material compatiblity, construction features, filter

material, and cleanliness requirements.

The majority of filters are made of metallic wire cloth or stacked etched metallic disks;

various metals are used, but stainless steel is most common. Most filters have been wire-mesh

types because, in comparison with stacked etched disks, they offer maximum surface area
for minimum weight and can handle high flowrates. Metallic-disk types have been restricted

10



largely to relativelysmall engineswith low flow requirements.Chief design features of

wire-mesh filters used in various rocket engine systems are summarized in table II. The

propellants and pressurizing gases supplied to the engine are controlled with respect to

moisture and hydrocarbon content, and additional devices such as absorptive separators are
not necessary.

2.1 LINE ASSEMBLY

As noted, the line (or duct) assembly may be either a combination of hard lines and flexible

elements (bellows joints or flexible hoses) or a completely hard line that achieves flexibility
through the use of bends and material elasticity. Basic design considerations in establishing a

line configuration are routing, sizing, pressure-drop and vibration control, and location and

type of flexible joints; other considerations include materials, cost, weight, reliability, and

maintainability. References 1 through 5 present details on line-system design.

Flexible lines.- A typical flexible-line assembly consists of tubular straight runs and

elbows, with flexible bellows joints located along the line, separable connectors with static

seals at either end for installation into mating components, and branch-off line connections.
Flexible-line assemblies have been utilized successfully in sizes from ¼-in. diameter to 27-in.

diameter, at temperatures from-455°F (liquid helium) for pressurization systems and
-423°F (liquid hydrogen) for propellants to + t300°F (turbine-exhaust gases), with pressures

ranging from vacuum to 3000* psi, and with every cryogenic- and storable-propellant
combination successfully used in rocket engines. There are two basic flexible-line

configurations: the tension type (fig. 2), and the compression type (fig. 3).

The tension-type system utilizes bellows restrained by linkages that withstand the pressure

separating load (i.e., the axial load due to the force generated by internal pressure that
tends to separate the ends of the bellows); the linkages may be either external or internal

and permit angular motion. The line routing requires two or more bends with bellows joints

located between bends. Overall length changes in the line assembly are accommodated

through angulation of the flexible joints.

Figure 2 presents two examples of tension-type configurations: the three tension-tie bellows

joints in a dog-leg arrangement, and the axial bellows with two tension-tie bellows joints. In

the three-tension-tie configuration (fig. 2(a)), one end of the duct is capable of

three-dimensional movement and angulation in any plane with respect to the other end. The

duct is shortened by angulation of the individual flexible joints. In the axial bellows (fig.

2(b)), angulation and shear motion of one end with respect to the other are accommodated
by two tension-tie bellows joints. Necessary changes of length are achieved with a

thrust-compensating bellows joint. This configuration usually is employed when large axial
deflections are necessary (e.g., in the inlet ducts of a gimballed pump).

*Up to 5500 psi in the advanced-development SSME.
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(a) Three tension-tie bellows joints
in a dog-leg line arrangement
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(b) Axial bellows with two
tension-tie bellows Joints

Figure 2. - Tension-type flexible-line configurations.
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(a) Single bellows
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(b) Double bellows

Figure 3. - Compression-type flexible-line configurations.
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The compression-type duct system (fig. 3) utilizes free bellows (i.e., no tension-tie linkage

across the bellows) to absorb the deflections imposed on the duct during operation. The

pressure separating loads on the bellows are reacted by supporting engine or vehicle

structure. In addition, support bracketry may be required to offset column buckling if the
ducting has a large length-to-diameter ratio (> 1). If the operating pressures are high and

lines are large, the pressure separating forces are correspondingly large, and restraint

structure becomes necessarily heavy. Consequently, the compression-type system, although
widely used, generally is limited to low-pressure (< 400 psi) applications such as the inlet

ducts of the engine propellant pumps.

Examples of compression-type configurations shown in figure 3 are the single bellows and

the double-bellows spoolpiece. A single free bellows (fig. 3(a)) can be utilized to absorb all

motions (angular, shear, or axial) when short-coupled components are to be connected
and when the line pressures and motion requirements are relatively low. In this

configuration, the pressure separating load on the bellows is resisted by the end-mounting
structure. The bellows of necessity will be long enough to accommodate all motions

simultaneously. This length could lead to buckling instability, but bellows can be stabilized

by external linkages if increased weight and size are not critical considerations. A

double-bellows spoolpiece configuration (fig. 3(b)), which is similar to the single bellows, can

be used in applications where greater shear (offset) motion is required and sufficient space

to accommodate the increase in length is available. The turbine exhaust ducts of the engines

on Thor, Atlas, and Saturn vehicles incorporate compression-type bellows. They are

acceptable for use in these systems because the ducts are straight and relatively short and

the operating pressure is low.

Hard lines. - Hard lines (lines with no bellows or flexible hose to act as flexible members)

may be used in non-gimballing applications where line flexibility is required only to

accommodate installation misalignment and thermal expansion or contraction. Because hard

lines are quite rigid in comparison with lines with bellows joints, they must be custom-made

to fit the particular installation, or specially sized spacers must be used at the _.eparable

connectors to make up installation tolerances. The feature of installation interchar_geability
that is inherent in ducts with bellows joints thus is sacrificed with hard lines. Material

selection, wall thickness, and routing are the variables available to the designer for achieving

flexibility necessary to accommodate theranal deflections and deflections resulting from

engine operation or in-flight forces. Figure 4 depicts some common hardline configurations
used to achieve flexibility.

The successful use of rigid ducts for nongimballing applications in rocket engines has been

well established. The pump discharge ducts of the F-I engine were large-diameter (3-in. for

fuel and 6-in. for oxidizer), high-pressure (1600 to 1850 psi) rigid lines made of 6061-T6

aluminum. The lines had a long history of operation free of failures (45 engines launched,

3179 tests, and 272 500 seconds accumulated engine time).
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(a) COILED TUBING LINE, ANGULAR (b) COILED TUBING LINE,TORSIONAL

(c) Z CONFIGURATION (d) U CONFIGURATION

Figure 4. - Common configurations used to provide flexibility in hard lines.

The pump discharge ducts of tile J-2S engine also were rigid. These ducts were 3 in. in

diameter and were made of Armco 2 t-6-9 alloy. The operating pressure was 1400 to 1600

psi. No failures or misalignment problems occurred in 603 tests, in which 28 444 seconds of

firing time on 18 engines were accumulated.

Hard lines are used less frequently than are flexible lines in current aerospace vehicle and

engine systems. However, this relation could be reversed in future applications if operating
pressures increase to the point where the use of bellows joints becomes impractical.

2.1.1 Routing

2.1.1.1 CENTERLINE GEOMETRY

The locations of tile propulsion-system components largely determine line routing. In the
preliminary design layout of a typical liquid-propellant rocket engine, the primary
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componentssuchaspumps,thrust chamber, and gas generator are located in their optimum

system positions, and the interconnecting ducts are then routed, with a minimum of flexible
joints, within the intervening space; this procedure, however, does not llwavs make for the

best ducting arrangement. The ducting often is made up of ma,,y turns and elbows,

expansion and contraction sections, and attachment points. The centerline geometry of

engine ducting thus represents a compromise in routing between space available and the best

ducting design practice.

Vehicle and spacecraft ducting also must compromise with practicality. Boost vehicles, for

example, to a great extent are cylindrical propellant tanks, and the propellant feed ducting
must be limited to long, straight lengths leading from the tank outlets to the engine inlets.

Spacecraft lines typically are small in diameter, have no flexible joints, and are circuitously
routed to fit the limited space available in a structure where size and weight are at a

premium.

2.1.1.1.1 Flexible Lines

A flexible-element duct system may be a tension, compression, or combination

tension-compression type. The type of system selected dcfwnds on a number of factors (e.g.,

the space available, the availability of mounting structure for anchoring, the requirement for

thrust-vector gimballing).

For a line containing flexible joints, centerline geometry is established to minimize the
number of flexible joints. Since a flexible joint (bellows) is complex, costly, and not as

reliable as a hard line, the necessity for each flexible joint is carefully scrutinized in the

design phase. System considerations that must be kept in mind during the centerline routing

and locating of flexible joints include provisions for (1) line deflection and clearance under

vibration, thermal contraction and expansion, and engine gimballing, (2) accessibility for
installation and removal, (3) wrench clearance around bosses and fittings, (4) accessibility

for in-place welding or brazing, (5) consideration for clearance if foam insulation is required

on the line, and (6) accessibility to other major components.

A classic configuration adhering to the minimum-number-of-joints principle, believed to

have originated with pump discharge ducts of the Atlas booster engines, is the wraparound

duct arrangement for gimballing engines; this configuration, shown in figure 5, locates a flex

joint centered on each of the two gimbal axes. This geometry was or is used for the Navaho,

Atlas, Thor, and Jupiter engine pump discharge ducts, the pump inlet ducts of the H-I

engine, and the gimballing feedlines of the Apollo Service Module engine and the descent

engine for the Lunar Excursion Module (LEM). This configuration was used for all of the
vehicle-to-engine interface lines of the F-I engine on the S-IC except the main propellant

lines.
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ible joints are located
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THROAT- _ t _ Joints are inlernally tied,
_OUNT_D/ I _ chain-,ink type and the1 _ cemers ol each are located

[ [ _ on the throat-mounted-

91mbalaxes

Figure 5.- Propellant feedline arrangement on the LEM descent engine.

The wraparound concept is used extensively on the SSME, with seven articulating ducts and

six braided metal hose assemblies crossing the engine gimbal plane. Each of the ducts has

three tension-type bellows joints with one of the joints centered as closely as possible on

each of the gimbal axes. The ducts are arranged in parallel routing around the gimbal in a

plane perpendicular to the engine thrust line (fig. 6).

The second important consideration in duct routing is the location of flexible joints. Once

the number of flexible joints is established, a kinematic analysis is performed to determine

the optimum location for each in the system. Each joint is positioned in the duct assembly

to maximize the deflection capability of the assembly. Further, each joint is located and

designed to accommodate as few modes of deflection as possible (e.g., axial only, with no

shear or angulation) and to minimize any deflection of the joint so that minimum strain is

imposed.

The design of the SSME involved many articulating ducts that wrapped around the gimbal

plane, and early in the layout phase it became necessary to develop a space-frame program
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for locating the flex joints in a duct assembly at the optimum locations, i.e., at the points of

minimal angular deflection. This space-frame program models the duct or line as a series of
beam finite elements and accounts for duct flexibility and simulated joint properties. The

appropriate displacements of one end of the duct with respect to the other are applied, and
the outputs are joint loads and deflections. Location of joints can be subjected to

perturbation analysis to minimize joint motions. This program became invaluable for

locating the joints to ensure the smallest engine-duct envelope possible.

2.1.1.1.2 Hard Lines

Since flexible bellows joints are more expensive and less reliable than rigid ducting, such

joints are utilized only if a hard line will not satisfy the design requirements. Hard lines are

preferred, if at all possible, in any ducting application, because they offer simplicity in

design and fabrication, low cost, and high reliability; their drawbacks, which must be

evaluated and weighed in design-phase trade studies, are loss of interchangeability and high

attachment-point reactions to any applied loads. The centerline geometry of hard lines thus
is established to minimize the loads on attachment points.

Recent experience indicates that some engine designers have changed their attitude toward

line design. Ducts originally were designed to include flexible joints, but later engine models
were designed with "hard" ducts. Two such cases are the RL10 engine on the Centaur

upper stage and the F-1 engine on the Saturn V booster (S-IC).

In the early RLI0 engine, braided flexible sections were used throughout the ducting; the

present version is completely devoid of flexible joints. Loops and bends in the hard ducts

provide flexiblity.

The early F-1 engines incorporated bellows joints in the pump discharge ducts, but these

were later replaced by aluminum hard lines with generous bends for flexibility (fig. 7); the
low modulus of elasticity of the aluminum permitted lower end reactions for a given

deflection than did a comparable duct of steel or nickel-base alloy. The change was possible

because the ducts were nongimballing and were required to absorb only misalignments and

thermal effects. Manufacturing lead time and costs for the original bellows-joint ducts

dictated the change even though some interchangeability was lost.

2.1.1.2 DEFLECTION LIMITATION

Different deflection modes (i.e., axial, angular, and shear) produce the same type of bending

stresses in the bellows convolutions. If a bellows is required to deflect in all of these modes

simultaneously, the sum of the deflections for all modes must be kept within acceptable

stress limits. (Reference 1 presents methods for converting different types of bellows
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RIGID ALUMINUM

DISCHARGE LINE

(OXIDIZER PUMP)

RIGID ALUMINUM

DISCHARGE LINE

(FUEL PUMP)

ENGINE THRUST

CHAMBER (REF,)

Figure 7.- Arrangement of hard lines on pump dischargeof F-1 engine.

deflections into equivalent axial deflection.) The duct system therefore is routed so that all

accumulated deflection stresses are kept within the safe working stress value of the material;

thus reasonable fatigue life is achieved.

2.1.1.3 TORSIONAL DEFLECTION

Torsional loading (twist about tile duct longitudinal centerline) is avoided in the design and

application of a duct system. Because of the inherent torsional rigidity of a typical duct,
torsional deflections can be imposed only by high external loads, which must be resisted by

the attaching structure. Structural failure or early fatigue failure can be the result. When,

because of design constraints, torsional loading is unavoidable, the torsional effects are
minimized by appropriate design.

The duct system is routed so that torsional deflection imposed on any one joint is

minimized. If space limitations force a duct to be designed relatively short and straight, so
that torsional deflections cannot be absorbed through angulation of bellows joints in dog

legs of the duct, other means of permitting torsional deflection must be provided. Shown in

figure 8 is a device designed to absorb torsional deflection; this device, a tightly formed

bellows assembly, was incorporated into the pump inlet ducts of the J-2 engine (used on the

Saturn S-II and S-IV stages) when the torsional moment of the ducts was found to be too

high for the pump casings to resist. The bellows is thin-walled (0.010-in.) and over 100 in.

long. It has 40 deep convolutions stacked in a 1.25-in. height. Flanges encompass the
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SLOTTED
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Figure 8. - Tightly formed bellows subassembly used to absorb torsional deflection

of primary bellows in inlet line of pump on J-2 engine.

bellows and permit the application of only torsional deflections. The joint is, in effect, a

low-spring-rate torque tube that can absorb torsional rotation up to 3 ° .

2.1.2 Sizing

2.1,2.1 FLOW AREA

After the centerline routing of the duct has been established, the inside diameter (ID) must
be determined. The ID is a compromise among tolerable system pressure drop, available

space, weight, spring rate and pressure-thrust reaction of bellows, system dynamic

considerations, and cost.
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Carefulanalysisof the pressurelossesin the individualcomponentsgivesa highdegreeof
confidenceto the engineeringjudgmentinvolvedin weighingthat parameterin the design
compromise.Typical rocket-engineducting(and most vehicleducting) is composedof a
seriesof close-coupled,high-energy-losscomponentssuch as bends,branches,valves,
expansions,contractions,andflex joints.Any predictionof systemenergylossbasedo11the
test data for individual elementsis likely to be very conservative.The reasonfor this
conditionis that flow testsmadeto determinethepressurelossof aparticularcomponent
usuallyare run to evaluatethe maximumcomponentloss.Themaximumlossis realized
whenthe installationincorporatesa longstraightrun downstreamof thetest component;
only part of the loss chargeable to the component actually occurs within its confines, the

remainder arising from flow disturbances downstream of it. Obviously, if another
component closely follows the first, part of the effect of the first is cancelled. Thus a 180 °

return bend causes no more than four-thirds the loss of a 90 ° elbow, or slightly over twice

the loss of a 45 ° elbow. For calibration of a particular component, provision is made to

subtract test-setup tare* from total differential pressure. References o and 7 provide
detailed procedures. References 8 through 12 treat pressure losses in duct components.

2.1.2.2 WALL THICKNESS

After the duct flow area has been sized, the duct wall thicknesses are dctelmined. Wall

thicknesses are established through a stress analysis, in which the magnitudes of the stresses

produced by fluid pressure, fluid flow, thermal gradients, external forces, and acceleration

forces are evaluated so that the optimum thickness for r,diability, fabricability, and weight

minimization can be selected (ref. 12). Methods of calculating stress levels are those

commonly available in strength-of-materials textbooks (e.g., refs. 13 through 15). In the

structural analysis, consideration must be given to the following design elements and

structural influences: branches, brackets, doublers, bosses, stiffeners, column buckling,
external collapsing pressure, and mechanical vibration (ref. 16).

Determination of hard-line wall thickness is particularly important because the lack of

flexible sections requires that the line itself and its attachment points be capable of handling
any applied load. The structural analysis of hard lines is based on the maximum envelope

resulting from tolerance stackups. The minimum wall thickness, developed from basic

thin-shell theory, is based on maximum operating pressure at the c11tical operating
temperature and includes the effect of thinning in the bends. The flanges are designed to

develop the axial yield strength of the line at operating temperature. Maximum

misalignment, thermal, and discontinuity loads are determined by use of a space-frame

analysis. The maximum effective line stress typically is limited to provide a minimum safety

factor of 1.4 on combined loading, and 1.5 on ultimate and i.1 on yield for pressure
loading.

*Basic pressure drop of the test setup only, with the component under test removed.
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Life considerationsfor hardlines includebothhigh-andlow-cyclefatigue.For high-cycle
fatigue,the effectivealternatingstressdue to pressureandvibrationusuallyis limited to
providea minimumsafetyfactor of 1.4 on the materialendurancelimit. For low-cycle
fatigue, the effective peak strain resulting from both primary stresses(pressureand
vibration) and secondarystresses(misalignment,thermal,anddiscontinuity)typically are
limited to provideaminimumfactorof 4 oncycles.Thestrainlevelsof hardlinescanbeup
to twice the yield strain.Yieldingduring theinitial installationwill permitoperationin the
elasticregionfor subsequentloadings.

In general,on the basisof fabrication,handling,and maintainabilityconsiderations,a
minimumwall thicknessof 0.032in. is usedfor hard lines1 in. or morein diameter;lines
lessthan 1 in. in diameterhavewall thicknessesbasedon pressurerequirementsandare
supportedto keepmechanicallyinducedvibration stressesbelow the materialendurance
limit.

All lines are proof-pressuretested. Lines operatingat cryogenictemperaturemay be
proof-pressuretestedusingliquid nitrogen.Testingof thefinal designoften isperformedat
acomponentlevel to verify structuralintegrity undersimultaneousapplicationof asmany
differentappliedloadsasiseconomicallyfeasible.

2.1.3 Control of Pressure Drop

2.1.3.1 FLOW-DIRECTION CHANGE

When engine-vehicle interfaces do not permit a straight-in approach, flow must be directed

into tile engine (or pump) through elbows. For flow in a given Reynolds-number regime, the
loss coefficient for an elbow attains a minimum value and then increases as the ratio of bend

radius to inside diameter (R/D) increases. If line routing requires small-radius elbows,

pressure drop can be minimized by selecting an optimum R/D value for the elbow;

otherwise, pressure drop can be minimized by addition of flow guide vanes (fig. 9).

In an elbow having a small R/D value, guide vanes provide parallel-flowing elbows of more

nearly optimum R/D. Flow guide vanes as shown in figure 10 are utilized in sharp elbows at

the pump inlets for the Centaur (RL10), Thor, Atlas, and Saturn S-IC (F-l) engines; they

have also been used in the pump discharge ducts of the Thor and Jupiter enghles.

Minimization of pressure drop in all these applications directly enhances engine

performance. (References 17 and 18 are sources of design data on pressure loss for flow
guide vanes.) Vanes. can be excited by system fluid oscillations; therefore, vane frequencies

are calculated, so that potential vibration may be avoided.

Branch or takeoff duct centerlines are aligned with mainline flow directions to capture

mainline velocity pressure. This alignment provides higher available pressure at the branch
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Figure 9. - Typical vaned elbow configuration.
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Figure 10.- Flow guide vanes in sharp elbows of pump inlet lines.
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inlet than would be available at a flush wall tap at a right angle to the mainline flow.

Minimum tapoff pressure drop is important in applications such as tapoffs from main

propellant ducts to gas-generator bootstrap lines. Reference 19 provides information on

optimum takeoff angle.

Bellows flow liners (see. 2.2.4) frequently are used to minimize the high friction losses of

the convolutions. References 20 and 21 provide data on loss factors for liners.

2.1.3.2 FLOW-AREA CHANGE

Almost every interface where a line begins or terminates involves an area change to or from

the line. The shape of these transitions requires careful consideration if excessive pressure loss

from abrupt flow-area changes is to be avoided. Flow-contraction pressure losses can be

reduced by about 90 percent if the edges of the contraction are radiused rather than sharp.

Radii larger than 0.15 times the contracted diameter add little improvement. For expanding
sections, little reduction in pressure loss for a given area ratio can be expected unless the

divergence cone angle is kept small (total included angle near 10°). References 22 and 23

treat these phenomena in detail.

In small-diameter lines with threaded fittings, care must be exercised in calculating the line

losses, because standard fittings (unions, tees, elbows, and crosses) usually have a smaller

inside diameter than the tubing itself. Reference 24 presents data on loss factors for fittings.

2.1.3.3 FLOW DISTRIBUTION

The flow distribution (to maintain equal pressure drop) at the exit of engine feed ducting is

an important factor in duct design. For example, the flow profile at pump, valve, and

injector entrances can have a great effect on the performance of these components. In

pumps having dual opposed discharge ports, the attached ducts must have equal pressure

loss to ensure equal flow out of each port. Flow distribution has been improved with vaned

elbows (fig. 10) and with "egg-crate" straighteners (fig. 11) downstream of elbows. This

latter design evolved as a solution to the uneven flow distribution of LOX from the inlet
elbow to the injector on the Atlas and Thor engines.

The flow splitter in the propellant feedlines of the Lunar Excursion Module (LEM) descent

engine (fig. 12) represents another flow-directing device for achieving even distribution. The

engine utilizes redundant shutoff valves; in normal operation, both valves open and close
simultaneously. However, in a partial failure mode, either of the valves can be closed. Flow

into the valves therefore must be evenly distributed for minimum effect on engine

performance. Even distribution is achieved with the flow splitter in the duct elbow

immediately upstream of the valves.
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Figure 12.- Flow splitter in propellant feed system of LEM descent engine.
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One problem associated with flow straighteners or splitters, or any other structure that

rigidly spans the diameter of a duct, is structural loading by differential thermal expansion
or contraction. In a duct, the vane usually heats or cools during thermal transients at a faster

rate than the restraining duct wall. When this happens, the vanes try to move farther than

the duct will allow. If the differentials are large enough, distortion or destruction of the

vanes or duct can occur. The problenl is solved by providing an expansion element in the
duct-to-vane connection that will slide or flex, absorbing thermally-induced motion while

transmitting minimum loads to the wall. One effective solution has been a sliding clevis

joint, which allows sliding normal to the wall but adequately carries the flow loads on the
vane to the wall.

2.1.3.4 FLOW RESISTANCE

Surface friction between duct walls and the llowing fluid can produce large pressure losses if

the walls are rough; as the ratio of roughness-height to duct-diameter increases, so does the

pressure loss. Castings generally have undesirably rough walls and are smoothed to improve

flow efficiency. Drawn tubing and sheet metal ducts have been adequately smooth for all

applications, but weld protrusions into the flow stream have to be controlled when they

contribute sufficient disturbance to the flow stream. Weld protrusions are critical for small
lines, where they contribute more to large contraction ratios than they do in larger lines.

In flexible-joint assemblies with internal-tie linkages (e.g., chain link, internal tripod with

ball-and-socket bearing, internal gimbal ring), the linkages protrude into the flow stream and

cause head losses. References 25 and 26 present data on pressure loss factors for some of
these bellows restraints.

2.1.4 Control of Pump-Inlet-Line Vibration

Virtually every pump-fed liquid-rocket vehicle developed in the United States has

experienced some form of vibrational instability during flight. This vibration first caused

real concern in the Titan I1 in 1962. A significant longitudinal instability occurred late in

first-stage flight. Analysis showed that the vibration was caused by a regenerative-feedback

interaction between the vehicle's propulsion and structural systems. This lengthwise

oscillation was named Pogo, after the motion of a pogo stick (ref. 27). The incorporation of
simple hydraulic-suppression devices into the first-stage propellant feedlines solved the Titan

Pogo problem, and the oscillation amplitude at the payload was maintained within + 0.25 g,
a level tolerable to the astronauts in the Gemini spacecraft. Pogo is a system design problem;

however, duct designers need to be aware of the phenomenon because it can influence their

designs, particularly those of the pump inlet ducts of a pump-fed system.

The longitudinal oscillation involved in Pogo can be described in terms of effects that occur

in a closed-loop system. The oscillation can be initiated by a perturbation or pulsation in the

28



thrust force that causes a response in the vehicle structure. This structural response applies

accelerations to the propellant feed system. The fuel and oxidizer suction lines of the feed

system respond separately to these accelerations, the result being pressure pulses at the inlet

to the fuel and oxidizer pumps. The pumps and discharge lines act oil these pressure pulses

to transmit a varying rate of propellant flow to the combustion chamber. The combustion

process then generates a pulsating chamber pressure and a pulsating thrust. If this feedback

thrust tends to reinforce the initial perturbation, instability can occur.

The devices used to attenuate the flow perturbations in the Titan !1 feedlines (figs. 13 and

14) are similar in operation to the surge tanks employed in the pressure regulation of large

pipelines that have water-hammer problems. Surge tanks have been used as

pressure-stabilizing devices ill the flow lines of hydroelectric plants and pumping stations for

more than 50 years; they serve as a point of pressure relief or cashion whenever there is a

sudden change in flow. For vehicle feedlines, however, suppression in a specific frequency

range is required; and this requirement necessitates a specially tuned surge system. By

selection of the proper damping and spring characteristics, the pressure perturbations in the

line can be absorbed by the suppression device and, in effect, uncouple the

engine-to-structure feedback loop.

In the.Titan II, an entrapped gas bubble was incorporated in the oxidizer-line standpipe to

provide a cushion or soft spring for the oxidizer mass in the standpipe to act on (fig. 13):

the energy due to pressure oscillations in the feedline can be transferred to this spring-mass

system by judicious choice of the volume or height of the entrapped bubble. The fuel

feedlines incorporated piston-type accumulators that utilize a mechanical

helical-spring-and-piston arrangement to provide the desired soft spring action (fig. 14); the

fixed mass of the spring and piston along with the mass of fuel in tile accumulator provided

the equivalent mass required for a resonant system. The suppression devices were

constructed and tuned so that their frequency responses_ coupled with the appropriate

feedline characteristics, would provide nlaximum attenuation of pump suction-pressure

oscillations that were excited by tank-structure oscillations. The combined system could be

optimized for maximum attenuation in a specified frequency range.

Pogo oscillations also occurred in the Saturn V vehicle during boost flight. Tile frequency

involved, 5 Hz, happened to be the natural frequency of the combustion process of the F-I

engines and of the entire Saturn V vehicle including tile spacecraft. The vibration increased

as propellants were consumed, because the natural frequency of the vehicle increased; the

frequency approached 5.5 Hz about 125 seconds after liftoff. While not necessarily

destructive, the vibration had to be attenuated because it placed an undesireable

acceleration on the crew. The design solution was to deter the two frcquencies by placing a

pneumatic spring in tile liquid-oxygen feedline of each of the five F-I booster engines.

Cavities in the LOX prevalves for the engines provided convenient w)lumes for introducing

gaseous helium, which does not condense at liquid-oxygen lemperalure, to act as de-tuners

(ref. 28).
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A Pogo suppression system is incorporated in the SSME LOX feed system at the inlet of the

high-pressure oxygen turbopump (HPOTP). The system utilizes a gas-filled accumulator to

suppress vehicle-induced flow oscillations. Gaseous oxygen tapped off the heat exchanger in

the oxidizer-tank pressurization system is used as the compliant medium following an initial

helium precharge. The system controls liquid level in the accumulator by means of an
overflow line that routes overflow fluids to the inlet of the low-pressure oxygen turbopump

(LPOTP).

The SSME Pogo suppression system is shown schematically in figure 15. As noted, the heart

of the system is the gas-filled accumulator, which serves as a capacitance in the LOX flow
circuit and prevents the transmission of the low-frequency (20 to 30 Hz) flow oscillations

into the HPOTP. The system is sized to provide sufficient overflow at the maximum

decreasing pressure transient in the LPOTP discharge duct. The engine controller provides

valve actuation signals and monitors system operation.
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Figure 15.- Schematic of Pogo suppression system in LOX feed system onSSME.
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2.1.5 Components

The line assembly as an operational unit is composed of a number of items, each performing

a specific function. These components are discussed individually below.

2.1.5.1 SEPARABLE CONNECTORS

To reduce weight and overboard leakage, the number of separable connectors (static-seal

disconnect joints) used in the line assembly is kept to a minimum. Orientation of the

connectors in the engine or vehicle assembly must provide access for maintenance. Design

details of separable connectors are presented in reference 29.

One of the requirements for a successful duct design is the use of connecting flanges or
glands that are rigid enough to maintain the integrity of the static seal. The static seals for

aerospace ducting are fairly sophisticated and expensive devices necessitated by the

requirements for a reliable, lightweight system. Flanges must have the surface finish, radial

clearances, and rigidity required by the specific seal used. Without sufficient rigidity, bolted
flanges are particularly susceptible to rotation (fig. 16) under operational loads, and thus the

effectiveness of the seal can be reduced. Inadequate bolting can cause the same effect under

operational conditions. In general, it is desirable to keep the bolt circle of the flanged joint

as close as possible to the duct diameter (i.e., to the seal) and to use many small-diameter

bolts rather than a few large ones. The toe (outside diameter) of the flange acts as a reaction

point to help prevent rotation.

Duct joints with quick-disconnect couplings such as V-bands have not been used successfully

for high-pressure (> 300 psi) applications. The clamp-type restraint cannot match a bolted

PIVOT P01NT_ _ BOLT

SEAL GLAND

Figure 16. - Rotation of flanged joint as a result of internal pressure load.
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flange for rigidity and seal-tight capability. V-band joints were used in tile turbine exhaust
ducts of early Atlas and Thor rocket engines, but it was difficult to maintain concentricity

of flanges on mating ducts. The sheet-metal clamp also was unable to maintain sufficient
axial load to prevent flange separation and leakage under operating conditions. These

designs therefore were abandoned in favor of bolted flanges.

Not all V-band experience has been negative, however. A modification of tile V-band

concept was used on the Saturn S-IVB feed-duct-to-prevalve joint. In this design, a fully

machined three-piece clamp, with a 300-psi proof level, was restrained with three tangential

bolts.

2.1.5.2 MANIFOLDS

A manifold is a duct with one or more flow branches off the main stream (fig. 17). A T and

a Y (figs. 17(a) and (b)) are examples of the simplest forms of manifolds: others, with

(a) HELIUM INLET MANIFOLD, ATLAS

BOOSTER ENGINE HEAT EXCHANGER

INLET FLOW

INLET FLOW

(b)

INLET FLOW.,,_,.

FUEL FEED SYSTEM MANIFOLD,

F-I ENGINE GAS GENERATOR

(c) LOX INLET MANIFOLD, J-2

ENGINE HEAT EXCHANGER

Figure 17. - Three examples of rocket engine manifolds.
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interlocking flow passages, are so complex that they do not resemble ducts at all. The main
function of a manifold is to distribute flow from one or more inlet passages to one or more

outlet passages. The internal flow areas must be designed such that the flow is split among
the branches as functionally desired. If the manifold causes an undesirable flow to a

particular piece of equipment, it has failed in performing its function.

Design problems associated with manifolds involve fluid flow, structural strength, and
cleanability. Since a manifold is a flow-distribution device, careful attention to

pressure-drop analysis is paramount to a successful design. Experimental and theoretical

data like those available in references 19 and 30 through 35 assist the designer. Laboratory

flow tests of mockup or prototype hardware are performed to verily the analysis.

After the optimum flow passages have been established, they may have to be compromised
in order to achieve a practical configuration for fabrication. Typical manifolds are welded

assemblies, and the geometry of the branches with respect to the mainline does not always

permit the ideal type of weld joint; mitered joints frequently are required.

Manifolds with many interconnecting passageways and blind ends are difficult to deburr,

clean, and inspect for cleanliness. Angled passageways and blind holes are avoided wherever

possible ; straight-through passageways that are easily cleaned and inspected are preferred.

A typical turbine-exhaust-gas manifold for a liquid rocket engine thrust chamber is shown in

figure 18. After the exhaust gases pass through the engine's pump-driving turbines, the gases

Turbine exhaust gas

CONVERGING flows from manifold

MANIFOLD into main exhaust

stream of thrust

chamber

ENGINE

THRUST CHAMBER

TURBINE

EXHAUSTOAS

Figure 18. - Turbine exhaust manifold designedfor equal distribution of flow.
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are dumped into the mainstream exhaust of the thrust chamber through an annular

manifold. The cross-sectional area of the manifold decreases as it wraps around the chamber,

so that a constant gas velocity is maintained as the gases are bled off through openings in the

thrust-chamber wall. The junction of the manifold and thrust-chamber wall does not permit

the best structural design, and the condition is aggravated further by thermal gradients and

engine vibrations.

2.1.5.3 BRACKETS, BOSSES, AND MOUNTING LUGS

Provisions for line mounting or support, auxiliary-equipment support, and instrumentation

bosses are included in most duct assemblies. 111 assemblies of small lines (tubing, _< 1.25 in.

diam.), these provisions are accomplished in several ways. Fittings machined from bars or

forgings are butt welded into the tube assembly and can be utilized as brackets, mounting

pads, or instrumentation ports. For simplicity, and in areas of low stress, bosses or mounting

pads can be machined to fit the tube contour and then fillet-welded to the tube assembly; in

all cases, consideration must be given to limiting the amount of weld dropthrough so as not

to interfere with the flow of fluid in the line. Flanges also can be machined to include a

mounting bracket or attach point, and instrumentaion bosses can be machined into the side

of the flange.

In assemblies with line diameters greater than 1.25 in., mounting lugs or instrumentation

ports generally are installed on the duct wall by l\lsion, spot, or seam welding. Spot- and

seam-welded doubler-type mounting attachments have been satisfactory in low-stress,

low-heat-flux applications; however, structural adequacy in high-heat-flux applications has

not been satisfactory. In hot-gas ducts or hydrogen lines condensing liquid air on their

outside surfaces, wall thermal gradients introduce shear stresses in welds that can cause wall

distortion or weld failure. Doubler-type attachments are extremely undesirable from a

contamination standpoint, because they can readily entrap fluids that can promote

corrosion. One method of eliminating this condition is to fillet weld around the periphery of

the doubler-type attachment.

The most desirable method of installing mounting pads or instrumentation bosses in

large-diameter ducts is to machine the bracket or boss to a configuration compatible with

the duct contour. These detail parts then are butt welded into the assembly and inspected

radiographically to ensure high joint efficiency. In this joint design, sharp transitions in duct

wall thicknesses are eliminated wherever possible, and radii of machined transitions are

made generous. In large-diameter, thin-wall ducts such as those used in booster vehicles, full

rings that match the duct diameters are butt welded into the duct assembly. These rings

have mounting brackets or attachment points incorporated into the machining of the ring.

Rings can also be utilized in duct assemblies in which one or more instrumentation bosses

are an integral part of the machined ring.
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Careful consideration is given to the material from which the rings are made. In many

instances, bosses, fittings, and rings machined from 321-CRES bar stock leak during leak

tests. Leakage is of the fuzz* type and is due to nonmetallic stringers in tile parent material

that are susceptible to fracturing when subjected to any material movement such as that

likely to occur during welding, pressure testing, or actual operation. This leakage problem

can be eliminated in several ways: (1) use of vacuum-melted 321 CRES; (2)use of forgings
rather than bar stock; (3) use of 304L instead of 321 if lower mechanical properties can be
tolerated.

2.1.5.4 INSULATION

Cryogenic feedlines are insulated to prevent heat transfer into the propellants for the

following reasons:

• To maintain quality (temperature and density) of the propellants entering the
engine pumps so that engine performance is not degraded

• To limit propellant boiloff during tanking and chilldown operations

• To limit propellant boiloff during long vehicle launch-hold periods

• To prevent geysering in the ducts

• To prevent two-phase flow and attendant increase in pressure losses during engine

operation.

Cryogenic insulation can be foam, vacuum, vacuum/powder, or vacuum/super-insulation.
Uninsulated ducts are also used in certain instances.

Although insulation is used extensively on vehicle propellant feedlines, the use of insulation
on the lines of the engines is limited, because (1) the lines are relatively short with little

surface area in comparison with long vehicle lines and (2) the mass flows are tremendous

once the engine firing commences, so that insulation is of little use. A cryogenic duct that is

warm during ground hold might well be left bare, since in space it will have the benefit of
the ambient vacuum.

The majority of the engine ducts that are insulated have external insulation attached. The

pump discharge and LOX pump inlet lines of the J-2 engines had a foam-type insulation

installed after the engine assembly has been completed. Various lines on the F-I engine were

*Leakage rate in the range 0.27 to 2.7x10 "3,scc/sec.
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equipped with close-fitting nickel-foil/Refrasil blankets to prevent overheating of the line

and possible subsequent structural failure due to the heat radiated from the exhaust plume

of the five F-1 engines in the Saturn V first stage. The use of external insulation has little

effect on the detail design of ducts or lines, but may influence the designer's choice of line

routing because of the need to allow space for the desired insulation.

On the Saturn S-II and S-IVB stages, extensive use was made of vacuum-jacketed fuel (LH 2 )

feedlines of the initially pumped type. The lines jacketed on the Saturn-ll stage were tile

fuel feedlines, the fuel recirculation lines, fuel vent lines, and the LOX feedlines. On the J-2

engine, vacuum jackets were used on tile inlet duct of tile gimballed fuel pump and the

gas-generator fuel bleedline. Both these engine lines were in the form of concentric metal

bellows with a cryopumped vacuum.

The main design considerations for the application of vacuum insulation to ducts and lines

are as follows:

• Choice of an initially pumped vacuum (lowest heat leak) or a cryopumped

vacuum

• Proper ratio of outgassing-surface area to vacuum-chamber volume

• Proper vacuum-jacket cross-sectional area to permit effective pumpdown

• Jacket supports with low-heat-leak paths

• Cleanability

• Provision for pressure-relief devices

• Provision for evacuation valves

• Provision for vacuum ineasurenlent

Tile magnitude of tile allowable heat leakage will govern the choice of a cryopumped

vacuum or an initially pumped vacuum (lowest heat leak). Cryopumped vacuums in vacuum

jackets initially containing air at atmospheric pressure have proved satisfactory for

liquid-hydrogen lines when tile jackets were leak tight. A pure gas condensible at operating

temperatures provides a better cryopumped vacuum than air, since air contains traces of

noncondensible gases. Some choices for liquid-hydrogen lines are carbon dioxide, nitrogen,

and argon. With a condensible gas, attention has to be given to the effect on heat transfer

resutling from possible dislodgement of condensed frost by vibration, and to a method of

ensuring that tile gas quality is adequate prior to cryopumping.
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The most significantproblmnwith vacuum-jacketedenginelineshasbeencontrollingthe
leakageof atmosphericair into the jackets.Until recently,thejacketshavebeenprovided
with burstdiaphragmsor reliefvalvesto relieveinternalpressureresultingfrom expansionof
air that leakedinto the cryopumpedvacuum.Burstdisks(diaphragmsof sufficientlylow
burstpressureto protect the line) havebeenfragileandhaveleakedunderenginevibration.
Relief valveshaveleakedand then frozenand failed to protect the lineduringwarmup.
Becausethe safety deviceitself often hascausedthe leakageproblemit wasdesignedto
prevent,currentpracticehasbeento sealthe jacketwith a plug-and-sealcombinationor a
weldedplug after a mass-spectrometerleak testhasbeenperformedon the entirejacket.
Currentacceptableassemblyleakagerate is 1 x 10-6 scc/secof helium.

An all-weldedjacket constructionrequiresthat the cryopumpedgasfilling the jacketbe
compatiblewith the closingweldingprocess.Argongashasbeensuccessfullyusedin this
applicationto provideaninert-gasbackupto theclosingweld.

In low-heat-leakapplicationssuchasthe large-surface-areapropellantfeedlinesof booster
stages,initially pumpedhigh-vacuuminsulationis used.High-vacuuminsulationconsistsof
anevacuatedspacebetweentwo highlyreflectingsurfaces.Heatis transferredprincipallyby
radiation,but theremaybesomecontribution from gas conduction.

Utilization of vacuum insulation requires careful design and precise fabrication techniques.

If the vacuum space has the structural duct walls as one of its boundaries, this wall must be

tight enough at cryogenic temperature to prevent leakage of contained fluid into the

evacuated space. The other boundary of the insulation space usually is exposed to ambient

temperature. This wall must be leaktight under all environmental conditions to which it will

be exposed. Means must be provided to maintain the vacuum integrity in spite of the
differential contraction of the cold and warm boundaries.

Helium leak-detection techniques involving the mass spectrometer are used during

fabrication. The allowable leakage rate depends on the degree of vacuum required for

optimum insulation performance and the volume of the insulation space. Leakage rates of

10 -6 to 10 -7 scc/sec of helium are common and are attainable with materials and welding

techniques generally used.

Mechanical joints such as threaded fittings or flanges are not desirable within the vacuum

enclosure unless some provision is made to weld the joints so that they are leak tight.

It is desirable to maintain a low ratio (< 4) of outgassing area to vacuum-annulus volume,

because this ratio directly affects the rate of w:cuum decay. For example, with identical line

lengths of annuli equally clean and at the same vacuum level, the vacuum in a line with a

ratio of 8 will decay at a rate twice that of a vacuum in a line with a ratio of 4. The part

with a ratio of 8 therefore has higher maintenance costs for re-evacuation.
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The cross-sectional area of the annulus also is important in that it should be sufficiently

large to permit effective vacuum pumpdown within a reasonable amount of time. Also, the

structure that supports the jacket shell on the mainline should not restrict molecular flow

during the pumpdown period.

In low-heat-leak applications, the heat-leak paths from the jacket to the inner carrier

through supports and flanges must be minimized. Supports are required to maintain the

outer shell of a vacuum line and to attach the dueling to the structure itself in all cases. The
longest possible heat path with minimum contact area is desirable. Stainless steel often is

used when both structural strength and comparatively low thermal conductivity are desired;

several nonmetallic materials (Micarta, Teflon, KeI-F) are applicable when the lower strength

is acceptable in favor of improved thermal resistance.

C[eanability of the vacuum jacket surfaces is an important factor in being able to achieve
and maintain a high vacuum. Any material that has been exposed to air will have a layer of

gas and vapor several molecules thick on its surface: in addition, the interior of metals

contains dissolved or occluded gas that is trapped during solidification. Adsorption on

freshly exposed surfaces is very rapid, and the adsorbed gas tends to reach an equilibrium

with the environmental pressure: evacuation for a long period of time will desorb the gases.

Application of heat during evacuation will speed the process.

Complete elimination of adsorbed gases is very time consuming and expensive. To attain

high vacuum for long periods of time, therefore, it is necessary to make use of adsorbents

and getters in the vacuum system. Adsorbents such as metallic zeolites, activated charcoal

(not compatible with liquid oxygen), or silica gel are used to adsorb gases near liquification

at the temperature of the contained cryogen. For this reason, the adsorbent package is

located in a low-temperature area.

Hydrogen often is an important constituent of the adsorbed gases. Because of its low boiling

point, it is less easily picked up by adsorbents_ and therefore even a very small quantity of

hydrogen will preclude good vacuum performance. Getter materials are used to remove this

hydrogen. The basic difference between a getter and an adsorbent is that a getter cleans up

gases by chemical reaction, whereas adsorbents work by surface adhesion. Getters usually

will produce very low pressure levels independently of temperature but the
chemical-reaction rate is speeded up by elevated temperatures. The practice therefore is to

locate the getters in the warmest portion of the insulation system. Common getter materials

include active metals, active zeolites, and weak oxides. While getter materials are used

largely with jacketed lines in facility oi ground support equipment, the concept has direct

application in flightweight lines.

Provisions must be made in the duct design for mounting service valves to effect evacuation

of the vacuum jacket. These valves usually are welded into the vacuum jacket, as is the case

with the S-II stage lines. Problems with Viton and Kel-F O-rings have occurred when these

valves were exposed to temperatures lower than -65°F. Metal-to-metal seals usually alleviate

this problem.
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Provisionalso must be madewith initially pumpedvacuum-jacketedlines for vacuum
measurement.Thermocouplegagescommonlyareusedto fill this requirement. Data on this

accessory are available in reference 36.

2.1.5.5 HOT-TO-COLD DUCT INTERSECTIONS

In some line assemblies, a line carrying a cold fluid (e.g., liquid oxygen at -297°F or helium

at -360°F) must intersect and pass through a duct containing a hot fluid (e.g., turbine

exhaust gas at +I300°F). One particularly difficult situation arises in turbine-exhaust heat

exchangers where supply and outlet lines of the cold fluid pass through the wall of the

hot-gas turbine-exhaust duct. Reliability of this interface is of utmost importance when the

cold fluid is oxygen, because the leakage of oxygen into the fuel-rich turbine exhaust gases

can create temperatures sufficiently high to melt and burn the metal.

Many designs have incorporated either tubes welded directly to edges of holes cut in the
duct wall or tubes connected to thick flanges welded flush to the duct wall. Neither

approach has been satisfactory for reducing thermal stresses or providing reliable welds. A

design used on the J-2S engine incorporates a flanged manifold with stubouts onto which
the tubes are welded. The manifold in turn is welded to a somewhat flexible flared portion

of the hot-gas duct wall. This configuration provides a pocket of stagnant gas to protect the
cold manifold from high heat fluxes and thermal stresses and also provides a flexible
interface between hot and cold members. All weld joints are butt welded and are inspectable

radiographically.

2.1.5.6 ELBOWS

In low-pressure systems where tube wall thickness is small with respect to tube diameter

(tube wall less than 1/20 tube diameter), and where bend radii are small (bend radius less
than 4 times tube diameter), large concentrations of bending stress occur in elbows. The

stress may be five or more times the direct bending stress. This stress can result in cracking

along the mean radius of the elbow unless appropriate design provisions are made (ref. 37).

2.1.5.7 HANDLING-PROTECTION DEVICES

Damage to the bellows in the duct assembly and to the duct walls themselves in the case of

thin walls (_ .030 in.) during processing, shipping, and installation is a continuous problem.

Damage to the static-seal sealing surfaces of the duct flanges also is a problem, and

protective covers must be used.

Ducts having low-spring-rate bellows can easily be abused in handling by overdeflection of
the bellows. Since the concern is fatigue life of the bellows, a few cycles of gross
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overdeflection are equivalent, fatigue-wise, to many cycles of normal operational deflection.

Strongback fixtures that attach to the duct on either side of the bellows joint and form a

bridge that prevents handling deflection are a good solution for this problem. Figure 10

illustrates a strongback fixture and one type of bellows cover.

SHELL-TYPE COVER

OR BELLOWS (TOP HALF SHOWN)

STRONGBACK

_ d._._l, , _ FI XTU....RE¢_J , .M .%/ / ,

I I

Figure 19.- Handling-protection devices for bellows.

It is preferable to design all protective covers and handling devices so that the parts they are

protecting cannot be installed or assembled into the next assembly without removal or" the

protective device. If such design is not possible, the minimum requirement is that a red flag

be used to warn the user that the protective device is installed.

Damage to bellows due to handling during duct fabrication, shipment, and installation into

the subsequent assembly is a major contributor to eventual in-service failure. Dents, nicks,

and scratches in convolution crowns (the most highly stressed area in a bellows) cause slress

concentrations under operating conditions and thus reduce fatigue life considerably.

Life-reduction criteria based on coupon and bellows fatigue tests have been developed (ref.

38). These data permit material review action on damaged items in the Final product that

can result in acceptance of damaged parts that would otherwise be rejected.

2.1.6 Materials

As noted, the 18-8 corrosion-resistant steels are the most frequently used materials for

bellows and lines in most rocket fluid systems; over a considerable length of time, these

materials have performed well. The nickel-base alloys such as the lnconels and the
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Hastelloys are widely used in newer bellows and duct designs because of their higher
strengths, greater fatigue lives, and improved corrosion resistance. Aluminum alloys are used

sparingly in some noncritical or low-stress applications. Because of the severe forming
requirements, only the high-ductility afloys in the annealed condition are used for

convoluted sections. Heat-treatable materials are heat treated after forming. Bellows-joint

restraint bracketry in cryogenic propellant systems is fabricated from the

face-centered-cubic metals to ensure adequate low-temperature toughness. Restraint

bracketry in storable-propellant systems is fabricated from high-strength body-centered- or
face-centered-cubic steels. The majority of flexible hoses (including wire braid) are

fabricated from 321 CRES. Other materials, such as Hastelloy C and Inconel 718, are used

for special environmental applications. Table I lists the typical alloys used for the

fabrication of tile subject parts in various rocket vehicle and engine systems.

Material selection considerations for the entire line or duct assembly include chemical

compatibility with environmental fluids, physical and mechanical properties, formability,
weldability, and the cost of the materials available.

2.1.6.1 CHEMICAL COMPATIBILITY

The importance of chemical compatibility of line material with system and environmental

fluids cannot be overemphasized. For example, a high-pressure gaseous-hydrogen
environment is known to embrittle many metal alloys (refs. 39, 40, and 41). The degree of

embrittlement is a function of the material temperature, environmental pressure, purity of

the gas, exposure time, and applied strain level. Steels (ferritic, martensitic, and bainitic),

nickel-base alloys, and titanium alloys become embrittled in pure-hydrogen environments at

room temperature; the effects are more pronounced as the pressure increases. High-strength

alloys are more susceptible than low-strength alloys. Austenitic stainless steels such as types

310 and 316; certain aluminum alloys such as 6061-T6, 2219-T6, and 7075-T73; pure

copper and beryllium copper; and the precipitation-hardened austenitic stainless steel A-286

are only slightly affected, lnconel 718, Inconel X-750, Waspaloy, and Rene 41 are severely

embrittled in high-pressure gaseous-hydrogen environments.

The degradation of mechanical properties by embrittlement generally is reflected in a loss of

ductility and fracture toughness. A large amount of experimental work currently is being

conducted by industry and government laboratories to achieve better understanding of
hydrogen embrittlement and its effects. This recognition and concern for

hydrogen-environment embrittlement is part of a growing recognition of the sometimes

dramatic and insidious effects of chemical environments on material properties and

hardware performance. The gross effects of corrosion and the less conspicuous effects of

stress corrosion are generally well known, and designers are alert to them.

The presence of hydrogen, water vapor, and other gases can (and does) have a pronounced

effect on crack initiation and crack growth rates. This change in turn affects conventional
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mechanicalpropertiesand candrasticallyreducefracturetoughness.Recognitionof this
problem is seenin the fracture-mechanics*approachto the designand developmentof
high-performancehardware.The determinationof plane-strainfracturetoughnessunder
identical proof and serviceconditionsis essentialto the realisticapplicationof these
concepts.

Chemicalcompatibilityof tile linematerialandenvironmentalfluids(internalandexternal)
thusinvolvesthefollowingfactors:

• Corrosionrates of the material (low corrosion rates are desirable,and the
nickel-basealloyshaveperformedwell).

• Impact ignition sensitivityof tile material(in oxygen,titanium can ignite and
oxidize explosively).

Catalytic decomposition of propellants (N2H4, Aerozine-50, or MMH will
decompose into large quantities of hot gas in the presence of molybdenum, iron,
copper, or silver) (refs. 42 through 45).

• Material embrittlement and crack initiation and crack growth rates (as discussed
above).

• Acid attack (absorption of water in N 204 forms nitric acid, which will attack
aluminum alloys).

Stress corrosion (stress-corrosion cracking has been observed in 321-CRES bellows

and is attributed to chlorides from cleaning fluids or unknown sources deposited
on the convoluted surfaces; titanium alloys are susceptible to stress corrosion in

uninhibited (brown) N 2O 4 ).

2.1.6.2 PHYSICAL AND MECHANICAL PROPERTIES

Physical and mechanical properties of importance are primarily high strength (ultimate,
yield, and fatigue), high elongation capability, and low density. A low elastic modulus is

helpful when hard lines require some flexibility. In high-heat-flux applications, high thermal
conductivities and low therm,.l expansion coefficients produce the lowest thermal stresses.

Also, joints of dissimilar materials have the lowest thermally induced stresses when the

materials have similar thermal expansion coefficients. Forming limits (minimuln bend radii)

are important considerations in the design of bellows-convolution shape. Fatigue data are

most useful for design of convoluted elements, since the rest of the line usually is designed
for stresses under yield. Some reduction of air-test fatigue allowables is made for aluminum

alloys and corrosion-resistant steels used in N 2 O 4 tref. 46). Cryogenic temperatures reduce

*A brief discussion of fracture mechanics appears on page 46.
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the toughnessof mostbody-centered-cubicmaterials.Dataonmanyalloysareavailable(ref.
47) andareusefulin determiningthe acceptabilityof alloysthat sufferlargereductionsin
fatiguestrength.TableIII presentsdataon representativealloysusedin flexiblelines.

Material selection considerationsfor the convolutedportions of bellows joints or
flexible-hoseelementsaremoreextensivethanthosefor theremainderof the line.Themost
important factors are material formability requirements,corrosion properties, and
low-cycle-fatigueproperties.Themetal-workingoperationin forming(convoluting)abellows
or a flexible-hoseinnercorerequiresa materialof high ductility, moreso than for the
formingof the tubular portion of the line.Sincetheconvolutedportion isdifficult to clean
and usuallyis madeof thinnermaterial(typically 0.005to 0.030in.) than the restof the
line, corrosionresistanceis importantif thesectionis to remainfreeof pits,holes,cracks,or
other leakagepaths.Corrosion-resistantcoatingsor platingshavenot beeneffectivebecause
coverageis inadequate.Coating integrity is difficult to maintainduring forming, and
uniform applicationis difficult after forming.Low-cyclefatiguepropertiesareimportantin
that the bellowsaredesignedfor agivennumberof flexuralcycles,while therestof the line
is designedto keep alternatingstressesbelow the endurancelimit of the material. A
sophisticatedandexpensiveway to improvecorrosionresistanceandfatiguelife of bellows
is to electropolishthemprior to forming.

Materialcharacteristicsdesirablefor usein hardlinesare(1) highstrength-to-weightratio,
(2) goodweldability,and (3) goodelongation.The following materialshavethe desired
characteristicsandprovideminimumweightfor thegivencategoriesof rigid lines:

• lnconel718(high-pressurelines> 1.25in. OD)

• Armco21-6-9(high-pressurelines< 1.25in. ODandlow-pressurelines> 0.75in.
OD)

• 321and347CRES(all lines< 0.75 in.OD)

Inconel718 isusedin thehigh-pressure,large-diameterlinesof theSSMEprimarilybecause
of its high strength-to-weightratio. Inconel718 maybeusedin linesthat carryhydrogen
andoperateat cryogenictemperatures,wherehydrogenembrittlementisnot aproblem.

Armco alloy 21-6-9canbe usedfor the intermediate-sizelines,sincetheselinesaregage
limited.This alloy ishighly resistantto hydrogenembrittlement.Theelongationcapabilities
of Armco 21-6-9are comparableto thoseof Inconel 718:10 percentat cryogenic
temperatureand significantly better (40 percent)at room temperatures.This alloy is
annealedanddoesnot requireheattreatmentafterwelding.

321 and347 CREScanbeusedin the smalllines,whicharealsogagelimited.Hydrogenis
not a problemwith thesealloys.Thesematerialshaveelongationcapabilityequalto or
betterthanArmco21-6-9andrequirenoheattreatmentafterwelding.
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Bolt and nut materials used in aerospace applications are inherently corrosion-resistant, the

most frequently used materials being A-286, Inconel 718, lnconel X-750, K-Monel, and
Rene 41. Material selection is based on the strength level required for the coupling and the

service temperature. All of the above materials except Rene 41 are used in applications

ranging from cryogenic temperature to 1200°F. Rene 41 is normally used at temperatures in
the 1200°F to 1600°F range because of good strength levels, but high cost restricts it from

being used at lower temperatures. Additional details on material selections for threaded

fasteners is provided in references 48, 49, and 50.

Fracture-mechanics properties. -- Conventional structure analyses account for stress,

material strength, and stress-concentration factors at fillets, corners, and holes, but they do
not consider flaws and minute cracks inherent in all materials. When ductile materials such
as those used in line assemblies are stressed, they deform plastically around the tips of the

cracks and absorb local overloads. But when a material cannot behave in a ductile

manner -- for example, when it is near or below its transition temperature, when strain rate

is high, or when the stress system is complex and the material is physically constrained - it
can fail at a relatively low stress level. For these conditions, the concepts and techniques of

fracture mechanics can be utilized for analysis.

The concept of fracture mechanics recognizes discontinuity and nonhomogeneity in

materials and provides a numerical method to account for minute cracks. The
fracture-mechanics design parameters are a toughness (energy-absorption) factor, applied

stress, size of crack, operating temperature, and the "state of stress", which is often far

more complex than first assumed.

Discussion of fracture-mechanics theory and practice is beyond the scope of this

monograph. More detailed information on the fundamental theory and its application to

ducting and filter design, including material selection, selection of allowable working stress,
evaluation of fabrication methods, evaluation of inspection and testing methods, and design

of the proof test, may be obtained from references 51 through 60.

2.1.6.3 FORMABILITY

Formability (high ductility) of materials is important in that most of the line assembly, with

the exception of flanges, bosses, or linkages, is formed from sheet metal. The least severe

forming operation is rolling of the tubular elements, followed in increasing severity by

forming of (1) bends, (2) fittings and transitions, and (3) the bellows convolutions. To date,
corrosion-resistant steels and nickel-base alloys have been excellent materials for all formed

elements.
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2.1.6.4 WELDABILITY

Weldability of materials is an important consideration, since welding is the most often used

method of permanently joining line-assembly elements. In several aerospace programs (e.g.,
Apollo), brazing is used for permanent line connections, and the braid of flexible hoses

frequently is brazed to the end attachment joint. Most materials in current use are

effectively welded by tungsten-inert-gas methods. Electron-beam welding has been used

effectively with both Hastelloy C and 347 CRES. Dissimilar materials often are welded (e.g.,

Hastelloy C to 347 CRES, Inconel 718 to A-286, Inconel 718 to 321 CRES, and 321 CRES
to A-286).

2.1.6.5 LUBRICANTS

Sometimes a lubricant is required on tile bellows or on other surfaces. Molybdenum

disulfide dry-film lubricants have been used, but often chemically attack corrosion-resistant

steels when moisture is present. Nickel-base alloys offer the best resistance to attack. A

corrosion-inhibiting type of molybdenum disulfide coating, satisfactory on
corrosion-resistant steels, recently has been developed (ref. 61 ).

Platings and lubricants are used on bolts and nuts to prevent thread galling. Silver is the

most widely used plating, although others are used when required to solve fluid

compatibility problems. The standard thread lubricant used on the Saturn engine systems
was a phosphoric-acid-bonded dry-film lubricant. One characteristic that influenced the

selection of this lubricant was its impact ignition compatibility with liquid oxygen. Useful
temperature range for this dry-film lubricant is from cryogenic temperatures to +300°F.

Platings are used at higher temperatures.

2.1.7 Testing

Testing usually is divided into two categories: (1) the initml qualification testing, which is
later repeated on a sampling basis during production runs; and (2) acceptance testing, which

consists of nondestructive tests made on all production pieces. Typical tests and the

categories for which they apply are given in table IV.

2.1.7.1 TEST REQUIREMENTS

Experience has shown that component testing is extremely beneficial in locating design and
manufacturing weaknesses early in the development cycle, thus permitting redesign prior to

actual engine use where failures would be much more costly and time delaying. The

component tests are designed to simulate engine or operational conditions as closely as
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possible so that all failure modes can be identified. The flow-induced vibration failure of

Saturn AS-502 flexible hoses in flight (ref. 64) is a case in which the lack of

vacuum-environment simulation during component testing was the reason that a significant

failure mode was not discovered prior to flight.

The mechanism tbr triggering flow-induced vibration in a bellows or hose is a function of
the fluid heat-transfer characteristics, momentum, and bulk modulus. No dimensionless

parameter for correlating data from one fluid to another is known; the behavior of a bellows

flowing a fluid other than the end-use fluid may be entirely different from the behavior with

the actual fluid. For this reason, the current practice is to use actual end-use fluid for flow

testing.

There are two general schools of thought on the number of samples to be tested in the

initial qualification of a new design. The NASA requirement is that a minimum of two

samples go through all of the planned tests in sequence, decathlon style. Industry practices

have sometimes been to run separate samples for each major test (vibration, flexural

endurance, etc.), but with more time or cycles applied than required in the NASA method.

The samples usually would be tested to destruction after the minimum requirements had

been met, thus giving a measure of the part's margin of safety for each type of critical test.
A discussion of test requirements and conditions is presented in reference 16.

The effect of environmental temperature on fatigue life of metals (in standard coupon

shapes) is well known. In general, fatigue life is reduced at elevated temperatures and

increased at cryogenic temperatures. For example, the life of 321-CRES bellows at

liquid-nitrogen temperature (-_;20°F)is 4 to 5 times greater than that at room temperature

for a given strain level; at liquid-hydrogen temperature (-423°F), life is 10 to 100 times

greater. However, very little fatigue testing at high or low temperatures actually has been

performed on bellows for design-evaluation or production-comparision tests. Usually,

acceptability is based on results of a room-temperature test that gives little more than an

indication of actual life at operating temperatures. For example, for a Hastelloy-C bellows
on a J-2S heat exchanger, the fatigue life at 800°F, under the same deflections, was

approximately one-third the life at room temperature. Testing at operational temperatures

during initial qualification tests provides a good basis for assurance that the later
quality-control sampling tests at room temperature are adequate.

For bellows intended for aerospace application, manufacturing procedures normally require

proof- and leak-test certification of every piece in a production lot. Proof testing is primarily

a structural integrity test. Water rather than gas commonly is used as the test medium

because, in case of a burst, much less energy is released from water. Distilled or deionized

water is employed, because tap water can deposit chlorides on the bellows surface and
promote cell corrosion or intergranular corrosion within a very short time (refs. 65 and 66).

For bellows or ducts that operate at elevated temperature, it is common practice to perform
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theacceptanceproof-pressuretestat roomtemperature.Thetestpressurelevelis increased
to compensatefor the effect of elevatedtemperatureon materialproperties.The proof
pressuresimply is multiplied by the largestratio of the room-temperaturevalue to
elevated-temperaturevaluefor yield stress,ultimatestress,or elasticmodulus:thispressure
thenisusedasthetestpressure.

The massspectrometeris a generallyaccepteddevicefor verifyingbellowsleak tightness.
Themass-spectrometerleakdetector(MSLD)iscapableof detectingleakagerates(i.e.,hasa
leaksensitivity)of about10 .9 SCC of helium/sec. The MSLD test is preferred for accuracy
over the test with gas-pressurized bellows submerged in water, because the surface tension of

the water is capable of sealing minute pinholes or cracks in the bellows wall, and at small

leakage rates the water can dissolve a leak bubble as it is formed; leak sensitivity with

bubbles is 10 -2 scc/sec. Soap or detergent leak-detection fluids have been found to cause

stress corrosion of bellows materials; however, a neutral aqueous solution of surthctants (per

ref. 67) has been used safely and has a sensitivity of 10 -4 scc/sec.

The end-use configuration is simulated as closely as possible in test setups so that all

conditions to which assemblies will be subjected can be evaluated. For example, both the

J-2 and F-1 engines have numerous fluid-carrying lines that must cross the interface between

engine and vehicle. The lines are flexible to accommodate gimballing motion. On the J-2

engine, all the lines are flexible hoses and are clamped together to assist in maintaining their

relative positions. This clamping affects the distribution of the line assembly deflection
among the individual flexible-hose sections in the line and adds to their overall stiffness. On

the F-1 engine, the flexible hoses cross the gimbal plane and are attached to nongimballing

flexible hoses on the engine; this configuration influences their deflection. Good practice,

then, is to test all lines clamped together as a bundle.

Acceptance tests are performed for quality assurance on all welded components.

Circumferential weld dropthrough can cause an increase in pressure drop of hose assemblies
that is sufficient to affect engine performance. Small-diameter (< 1.25 in.) lines are

especially sensitive and are checked during acceptance by passing a ball gage completely
through the assembly.

Testing of aerospace ducting involves extremes of temperature, large pressure forces,
high-pressure gas generation from cryogenic fluids, combustibility, and toxicity:

considerable caution therefore is exercised in the design and operation of test programs.

References 16 (p. 30) and 68 present details on test programs.

2.1.7.2 TEST INSTRUMENTATION

Typical parameters measured on lines, bellows, and flexible hoses during development and

qualification testing include static and total pressure, temperature, flowrate, strain, and
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vibration response. Pressure and temperature measurements are obtained with standard

low-frequency pressure transducers and thermocouples. Orifice meters, venturi meters, and
turbine flowmeters are utilized for flowrate measurements. Turbine meters must be used

with caution in cryogenic service where overspeeding can occur during chilldown of the

system, when the gas velocity is much higher than the liquid velocity for which the meter is

design; blade or bearing failure can be the result. Pressure, temperature, and flow

measurement techniques outlined in reference 69 are extremely useful.

One of the most recent developments in instrumentation, unique to flexible ducting, has

been the technique for measuring frequencies of flow-induced vibration and "g"-forces on

bellows. Methods evaluated involved microphones, radiography, strain gages, and miniature

accelerometers. The accelerometers proved most effective for braided flexible hoses,

whereas strain gages, mounted on the crowns of bellows convolutions, were most effective

for bellows. The attrition rate on gages during flow tests is high (up to 50%), especially

under cryogenic conditions. Strain gages have been used on bellows inside wire-braided
flexible hoses, but installation of gages requires great care, whether they are installed before

the braid is assembled to the hose or afterwards, when the braid wires must be compressed

locally to form a window for the innercore; the braid window is retained by local soldering

to permit access for affixing strain gages to the convolution.

Vibration frequencies of bellows, particularly those of pendulum mode in braided hoses, can

be as high as 60 kHz under cryogenic conditions. Frequencies of this magnitude normally
are filtered out in the measuring circuit of the standard, high-frequency,

rocket-engine-vibration instrumentation. By removing the filter and taking advantage of the

voltage-vs-frequency curve to complement the voltage-vs-temperature curve, a usable "flat

response" output within approximately 10 percent of the mechanical/electrical resonance of
the mounted accelerometer can be obtained.

2.2 BELLOWS JOINT

A bellows section (or joint) in a line generally consists of three parts: a flexible

pressure-carrying convoluted tube (the bellows), a restraint on the bellows to handle the

pressure separating loa.d, and a provision for attaching the bellows to the line. In most cases,

a fourth part- a flow liner for the bellows- is incorporated. Photographs of typical

bellows joints are presented in figure 20.

A bellows joint in ducting can absorb motions (deflections) with much smaller reaction

loads than those that develop in a hard line. A free bellows can absorb four kinds of motion

applied to its ends: (1) axial (extension or compression), (2) offset (with end planes

parallel), (3) angular (about its center), and (4) torsional (about its axis). Typical
applications may impose one, all, or any combination of these end-point motions

(deflections) on a bellows. Various restraining devices or linkages are designed to limit a
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(a)Compression-type bellows

externally restrained

against buckling

(b) Externally restrained,

double-shear gimbal-

jointed bellows

(c) Externally restrained
tension-tie bellows

(d) Internally restrained bellows:

internal tripod with integral
bail and socket

Figure 20.- Four examples of bellows joints.
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bellows to absorb only certain motions (e.g., a gimbal ring linkage allows a bellows to

receive only angulation). These end-point motions and the number of motion cycles that a

bellows joint is designed to absorb are accurately determined in the line-assembly design

phase.

Unfortunately, a bellows must absorb vibratory motions that are either flow induced by the
internal fluid motion or mechanically induced by motion of the engine or its components.

These bellows motions are not related to those described above: they usually occur as
motions of the convoluted section in a variety of modes with the ends of the bellows fixed.

The magnitudes of these motions are difficult to predict, and the frequencies are sometimes

several thousand cycles per second. Motions at these frequencies that produce amplitudes
and attendant stresses above the fatigue limit of the bellows material can cause failure in

only a few seonds.

The pressure separating load on a bellows in a duct system is developed, as if the bellows
were a pressure vessel with end caps, by the duct pressure reacting against a projected area

across the duct bore (e.g., an elbow, an injector face, or any other reaction point in the

system). Bellows have low spring rates and thus cannot withstand very high pressure

separating loads without changing length; therefore, restraint mechanisms to prevent this

change must be used to enable the bellows to perform its function in a duct assembly.

Information on axial-restraint design and stress analysis is provided in references 70 through

74. Information on the use of bellows ill general design is presented ill references 75 through
81. Basic considerations involved in the successful design of a bellows joint are presented in

the sections that follow.

2.2.1 Bellows

Bellows have been used successfully in vehicle and rocket engine ducting in a wide range of

sizes under a variety of operating conditions. However, success is dependent on careful

design, as bellows generally operate in the plastic range of the bellows material. This
condition is necessary so that the wall thicknesses can be reduced sufficiently to produce

acceptable end-restraint reaction loads with the bellows in a deflected position and to

reduce weight.

Formed, straight-side-wall bellows are the predominant type used in aerospace ducting.
Welded-disk bellows, the other major type, are not used in any aerospace ducting

application; their use is limited to rotary-shaft face-seal applications, where long strokes in
relatively short lengths are required. The crown and root weld locations create a blind root
notch that increases stress. Minor flaws have a tendency to propagate rapidly unless

low-magnitude stresses are maintained.
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2.2.1.1 PRESSURE CAPABILITY

A bellows must cope with several kinds of operational pressure"

• Normal operating pressure

• Surge pressure

• Proof pressure [(normal operating pressure + surge pressure) × safety factor]

• Burst pressure (proof pressure × safety factor).

These pressures produce hoop stresses in the bellows and bulging stresses that tend to bulge

the convolution sidewalls. The bellows must be stable and resist column buckling under the

proof-pressure application. While subject to the burst pressu;e, the bellows is permitted to

deform and take permanent set but not to develop leaks.

The calculated operational stresses are startlingly high, exceeding the yield strengths of the

materials, but in reality are only index stresses and must be treated as such. The limiting

bulging stresses and allowable motion stresses (bending stresses) of frequently used bellows

materials are given in table V. Cycles are full stress reversals at a frequency of 30 to 60 per
minute. Stresses are calculated with the equations presented in reference 16 (p. 72):

different types of motion (axial, lateral, angular) can be converted into equivalent axial

motion with equations given therein (p. 73).

Table V. - Limiting Bulging Stresses and Allowable Motion Stresses of Frequently Used Bellows Materials

Material

321,347 CRES

A-286

Inconel 718

Inconel X-750

Hastelloy C

Material

Condition

Cold worked as formed;

R c 101040

Heat treated;

R c 29 to 40

Heat treated;

R c 38 to 45

Heat t teated;

R c 30 to 37

Cold worked as formed;

R c 10 to 40

Limiting bulging stress*, psi

t <0.012 in. t > 0.012 in.

140 000 120 000

200 000 160 000

200 000 160 000

200 000 160 000

150 000 130 000

Allowable motion stress, psi

1000 cycle life

120 000

200 000

210 000

165 000

185 000

I0 000 cycle life

74 000

120 000

135 000

105 000

105 000

*Reducliorl in material properties for thicker sheet is due to poorer surface finish and greater variation in thickness Ihan in thinner sheets.

R c = hardness on Rockwell C scale
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In determining additive bending stresses in the convolution crowns and roots caused by

simultaneous application of pressure and deflection, where the maximum stress is that

which could be applied if only one of the effects were present, the following expression is
used:

where

)2 ( )( °°Ob, max O'B, max

1 (1)

% = bending stress (motion stress)

o_3 = bulging stress

The major problems with bellows used in ducting on large liquid-propellant rocket engines

have been the following:

• Fatigue failures (due to mechanical and flow vibration and possibly contributed

to by handling abuse)

• Bucking stability (internal and external)

• Corrosion

• Manufacturing difficulties

• Handling damage (sec. 2.1.5.7)

Other causes of bellows failures that have occurred less frequently are implosions in LOX or

high-temperature service, and bursting due to pressure surge.

2.2.1.2 FATIGUE LIFE

The end-point motions of a flexible-duct assembly impose the largest deflections on the
bellows joints within the duct. These motions are predictable in the design phase, as is the

anticipated duty cycle. With the use of this information and the S-N (alternating stress vs

number of cycles) properties for the particular materials involved, the bellows then can be

designed for an adequate low-cycle fatigue life while operating under very high stresses.

Since aerospace design emphasizes light weight, bellows are characterized by thin walls. Thin

walls reduce the weight of the bellows itself and also reduce spring rates, so that the reaction

loads on attaching members are low and their weight thus is kept to a minimum. This
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thin-wall feature dictates thal the bellows operate unctcr stresses near or ill the plastic range,

and fatigue life in the low-cycle range is a result. Reference 82 presents ]ow-c_cle fatif, tlc

data for bellows made fronl 321 CRES and nickel-base alloys.

Other motions imparted to the bellows come from vibrations that 'arc iuduced mechanically

or by the fluid flow. The bellows must be designed such that the stresses incurred are kept

below the endurance limit of the material (i.e., no reduction in fatigue 1i1¢ is cattscd by

vibration).

Methods for predicting flow-induced vibration inputs are presented in referenc,.s 83 through

90; these techniques utilized in bellows design can enable the designer to develop a bellows

completely free from vibration or at least free l'ronl unacceptable levels _t" vibratiolt.

Prediction of mechanical vibration inputs is more difficult because of the dynamic

complexity of the structure to which the flexible duct is attached. One method is to

extrapolate known vibration inputs from similar installations on other engines andcompare

them with calculable lnechanical resonant frequencies of lhe duct design; a more accura|¢

but costlier method is to build prototype hardware and test it on development engines while

the vibration environment is measured. If a bellows operates in a vibration environment

containing excitation frequencies matching any ot" the natural structural frequencie._ of the

bellows, its fatigue life can be exceeded within a short operational time period. The mosl

frequent bellows failure mode is the development of a fatigue crack that permits leakag,"

through the convolution. The cracks usually are circumferentially located in the crowns or

roots of the conw)lutions, since these are the area_ of maximlim bending stress. Analysis of

past fatigue failures indicates they have been caused by llow-induced _ibralinn (see.

2.2.1.2.2), mechanical vibration (sec. 2.2.1.2.31, or a conibination of the tw_ (.somclimes

aggravated by overdeflection handling abuse). Succcssful bellows are those designed with

adequate fatigue margins that allow for all of the_e inI]uences.

2.2.1.2.1 Vibration Susceptibility

Structural integrity must be maintained during and al'ter the uperalional period> _hcn many

types of dynamic loads may be applied to a bellows. +llie types of loads include thos_

generated by the enclosed fluids (e.g., pressure surging[Pogo, water hammer, ptnnp

oscillations]and flow-induced vibration) and those imposed by mechanical environments

(e.g., sinusoidal vibration, random vibration, shock, noise, and steady-state acceleration).

There arc three primmy modes of bellows vibration (fig. 21): (1) the axial or accordion

mode, (2) the lateral mode, and (31 the mode in which the individual conw)lutinns rotalc

back and forth at the inner diameter while pi_oting about the outer diameter. The

individual-convolution mode (fig. 21(c)) is especially noticeable in flow-induced vibratioa of

braided hoses, where the convolution outer diameter is restrained by the braid frictitm and

thus provides a fixed pivot point for the convolution being excited by flow forces.
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(a) AXIAL OR ACCORDION

J

(b) LATERAL

IN-PHASE

(c) INDIVIDUAL CONVOLUTION

,, i _ _ I t

OUT OF PHASE

Figure 21.- Three primary modes of bellows vibration.

For a given bellows design, the frequencies of these modes can be predicted with reasonable

accuracy (refs. 83 through 94). The difficult problems are determining (1) the frequencies

and amplitudes of flow or mechanical vibratory forces that may excite these modes md (2)

the possible response characteristics of the bellows to these forces.

2.2.1.2.2 Flow-Induced Vibration

Flow-induced vibration of flexible-line bellows with resultant fatigue failure is a frequent

problem in lines containing fluids flowing at high velocities. In bellows, an internal flow

liner (sec. 2.2.4) has always resolved the problem by preventing impingement of the flow

stream on the convolutions; however, the installation of the liner usually presents

complications in design and fabrication and makes the bellows more difficult to clean. The

liners themselves have failed, apparently as a result of vibration. Flow liners appear to be the

best "quick fix" or empirical solution to flow-induced vibration, but not necessarily the best

solution. References 95 and 96 give examples of quick-fix solutions to some Saturn ducting

problems.
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Not much is known about the actual physical phenomenainvolvedin flow-induced
vibration;however,the recentexperiencewith flexible-linefailureson theSaturnAS-502
vehicleinstigatedan intensiveinvestigationthat greatlyadvancedthe stateof the art in
understandingandpreventingvibrationfailure(refs.28and97).TheSaturnAS-502failure
investigationculminatedin ananalyticalmethod(ref. 90) for determiningwhetheraflexible
line is susceptibleto flow-inducedvibration.Theanalysisevolvedfrom theresultsof atest
programutilizingmorethan50 different flexiblelineandductspecimens(refs.64and98).

Theanalysisdeterminesthe dynamicresponseandfluid excitationrequiredto causefatigue
failuresassociatedwith the individual-convolutionvibrationmode.Theessentialdynamic
considerationis that theresponsecharacteristicsfor theindividual-convolutionmodearethe
resultof couplingof the structuraldynanficsof the convolutionsandthe dynamicsof the
fluid within the convolutions.The excitationdue to fluid flow within the flexible line is
describedasbeingcapableof excitinga bandof responsefrequencieswheretheboundaries
of the excitation frequenciesareproportionalto velocity.Thelow-frequencyexcitations
generallyare associatedwith vortex sheddingwithin the turbulent boundarylayer.The
high-frequency(and potentially muchstronger)excitationis associatedwith a convection
frequencyin the turbulent boundarylayer.The convectionfrequencyis definedasthe
characteristicfrequencyassociatedwith the fluid velocity past equally spacedwall
irregularities(theconvolutions).

Acousticloadingcanincreasethe numberof degreesof freedomof a bellowssystemby
coupling the bellowsto the acousticmodes.Whenthis type of couplingoccurs,very
significantpressurefluctuationscan be propagatedthroughout the fluid system.These
acousticresonances,in addition to producingnoise,causea significantincreasein the
flow-inducedstresslevels.Thiseffectapparentlyis theresultof theacoustic-resonanceflow
and pressurefluctuationscouplingwith the vortex sheddingprocessto producea force
amplification.Thisphenomenonisdiscussedindetail in references85 through89.

If a resonancecanexist,the analysisprovidesa techniquefor estimatingthe energylevels
associatedwith the resonance;theenergyavailablecanthenbe translatedto astresslevelin
the part. Whenthe expectedstresslevel is known, a quantitativeevaluationthencanbe
madeto determineif thestresslevelexceedsthealternatingstressthat thepart iscapableof
withstandingwithouthigh-cyclefatiguefailure.

The detailedanalyticalmethodsfor determiningflowqnducedvibration excitation and
responsedynamicsarepresentedin reference90. Usefulresponseinformationalsoappears
in references91 through94. Theseanalyticalmethodsprovidefor determining,with ahigh
confidencelevel,the llow-inducedvibrationsusceptibilityof agivenflexible-linedesignfor
a givenset of operatingconditionswhile still in the designphase;thesetechniquesthus
eliminatetheneedfor expensivecut-and-tryflow testingof prototypehardware.

Beforethe suddensurgein activity on flow-inducedvibrationof bellowsbroughtaboutby
the failureof flexiblelineson theSaturnAS-502vehicle,it wascommonlybelievedthat the
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multi-ply bellows, because of the friction damping between plies, was a solution to the

flutter problem. Many experiences (e.g., those involving the bellows on the Thor pump

discharge line, and bellows oll the helium inlet duct oll the F-1 heat exchanger) proved that

multi-ply in itself was not the solution. The dynamics technology after the Saturn AS-502
flexible-line failures proved this conclusively. The multi-ply does provide some damping over

the single ply (refs. 84 through 88), but if the natural structural frequency of the

convolution shape involved coincides with exciting frequencies, failure is likely to occur.

2.2.1.2.3 Mechanically Induced Vibration

The vibration-response characteristics for a given mechanical excitation input are calculated
in the same manner as those for flow-induced vibration. It is relatively simple to predict

flow-induced excitation inputs, but it is extremely difficult to predict the

mechanical-excitation amplitudes and frequencies of the components or system in which the

bellows will be installed. Experience in the analysis and experimental correlation of similar

systems is an invaluable asset in this endeavor, and the best analysis possible is made prior to

design release.

The excitation frequencies and acceleration forces sometimes are not accurately identified
until accelerometer measurements are made on the actual hardware in engine testing during

development. An analysis of the effect of these inputs on the flexible ducting and bellows is

then made, and design changes are incorporated, if necessary, before committing the design

to production. In some applications, only frequencies of potential exciters are known (e.g.,

functions of known pump speeds). In this case, bellows are deliberately designed to keep
natural-response frequencies from matching excitation frequencies.

Double-bellows-spoolpiece arrangements (fig. 22) with an undamped or unsupported span

are susceptible to vibration of the long unsupported mass from both flow-induced and
mechanical excitation.

TENSION-TIE LI

7-__-BELLOWS--7 ,/_/'--SPOOL PIECE

Possible vibration direction

Figure 22. - Example of double-bellows-spoolpiececonfiguration susceptible to vibration.
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The initial design of the discharge duct on tile pump for tile F-I engine incorporated this

configuration; fatigue cracks attributed to vibration occurred in the bellows. The condition

was intensified by stress raisers in the form of wrinkles found on the inside radius of the
convolutions. These wrinkles were attributed to an overly small ratio of bellows convolution

radius to thickness. As noted, these ducts were changed to hard lines of aluminum. This

vibration mode also was observed in the inlet ducts on the J-2S pump. Although vibration

was present, the amplitudes were not large enough to cause failure.

2.2.1.3 BUCKLING STABILITY

Buckling of the bellows can result from excessive internal or external pressure.

Internal-pressure buckling takes the form of column instability, whereas external-pressure

buckling appears as crushed convolutions.

If the bellows is designed properly initially, buckling can occur only when operating

conditions beyond the original specification requirements are imposed on the part. For

example, maximum surge pressure may occur in service with the bellows in its most

elongated position, a condition for which the part may not have been designed; or the

rigidity of the end restraints, a very important parameter in buckling, may be less than was

assumed in the design calculations.

Buckling stability analysis for internal pressurization is well founded (refs. 99 through 102).
The calculation of critical buckling pressure for an externally pressurized bellows is similar

to that for a thin-wall tube. An equation for the bellows analysis can be found in reference 2

(p. 377). If all the operational conditions are well considered when the design requirements

are established, sound application of the analytical methods presented in the cited

references can produce a trouble-free product.

2.2.1.4 CORROSION RESISTANCE

A commonly used material for aerospace bellows is 321 CRES. It is readily available, has

good forming properties, and has high ultimate strength in comparison with yield strength.
However, it has been demonstrated repeatedly in the Atlas, Thor, and Saturn engine

programs that while the material is, as its name implies, corrosion resistant, it is not
corrosion proof. Most of the classical corrosion modes such as stress corrosion, pitting

corrosion, and intergranular corrosion have occurred (ref. 103).

The high percentage of iron in 321 CRES makes it susceptible to corrosion. Bellows have
residual stresses as a result of cold working: being thin walled, bellows thus are particularly
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vulnerableto eventualleakagecausedby stresscorrosion.Chlorides,depositedon the
bellowssurfaceby everythingfrom contaminatedwaterto perspirationfromasweatypalm,
typically havebeenthe corrosionpromoters.Chloridesused in cleaningagentscanbe
entrappedin geometriccrevicessuchasclose-pitchconvolutions.Cryogenicfluids cause
moistureto condenseandfreezeon theoutsidesurfacesof engineductingandthenactasan
electrolyte with chloridesor other contaminationdepositsto promote corrosion.This
problem is dealt with on existing hardwarein serviceby periodic leak checksand
inspections,with replacementof unfit hardware,andby continuousefforts to maintaina
moisture-freecontrolledenvironment.

Thestorable(noncryogenic)propellantsuscdin theTitan11,ApolloCommandModule,and
LEM ascentand descentstagesdo not createcopiousamountsof condensate,and the
hardwarehasnot beensubjectto corrosion.Manystorablepropellants,however,arevery
corrosive,andselectionof compatiblematerialsfor servicein contactwith thesefluidsisan
importantdesignproblem(refs.42 through45).

2.2.1.5 MANUFACTURING

The main problems in the manufacture of formed, straight-side-wall, convoluted bellows
have involved material thinning, proper heat-treatment control, proper welding, and

convolution stackoff.

Thinning of the convolution crowns during the forming process is a common occurrence

with roll-formed bellows. With this type of tonning process, thinning 10 percent below the
nominal wall thickness is attained. Hydraulic forming processes have less trouble with

thinning, and thinning 5 percent below nominal wall thickness is attainable. The

consequence of thinning is that more deflection takes place in the thinned section because
stiffness is reduced, and therefore high stresses and early fatigue failure can occur. Thinning

can be controlled by dimensionally examining sample pieces in a production run and by

subsequently adjusting initial tube thickness, tooling, or production techniques if variation

from the norm appears.

Proper control of heat treatment requires constant quality-assurance surveillance, because (1)
bellows performance is degraded by improper heat treatment and (2) bellows usually are

heat treated in lots; improper heat treatment can then be costly in requiring reprocessing or

replacing the entire lot. One typical problem has involved maintaining the proper

atmosphere in the furnace or retort during the heating process. Circulation of the

atmosphere must be maintained to ensure coverage of all bellows surfaces; the spaces

between convolutions are particularly restrictive to good flow coverage. Result of improper
heat treatment can be lower-than-design strength and possible pressure or fatigue failures.

Surface effects such as oxidation and "orange peel" also can take place and reduce fatigue
life because of the notch stress raisers created.
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Weldingproblemsstemlargelyfrom lapsesin quality controlandworkmanship.Ideally,all
weldsareinspectedradiographically.However,someweldssuchasresistanceweldsandlap
fusion weldsinherentlyhavethe gapbetweenthe materialsbeingjoined showup oll the
X-ray film ascracks,which aredifficult to interpret.Theseweldscanbe controlledby
periodic sectioningand examinationof production parts and control of the welding

processes and operators.

A typical weld problem involves the resistance welding of plies at the neck of tile bellows

(fig. 23(a)). Prior to fusion butt welding in the next assembly, this weld is trimmed through

the nugget. If the resistance weld is not maintained within the same dimension from the end

of the bellows (i.e., if the weld is wavy as it progresses around the circumference), trimming
with a normal cut will not always pass directly through the nugget center and may even cut

through the weld completely in localized sectors. This condition makes it very difficult to
make the fusion weld to the next assembly, and considerable grinding out and rewelding are

required to achieve an acceptable radiograph. The problem can be resolved by either

controlling the distance of the weld from the end of the bellows or widening the weld nugget.

BELLOWS NECK

1 ._-- STAC KOFFNUGGET _ "_ (.ECCENTRICITY)

OVERALL --Jli,

-'---"- - -- LENGTH

1 .
Wavy resistance welds _1

makestrimmingthru - -
nuggetdifficult OUTSIDEDIANETER

(a) BELLOWS-NECK RESISTANCE WELD (b) CONVOLUTION STACKOFF

Figure 23.- Two examples of problems in bellows fabrication,

Convolution stackoff is the eccentricity of the convolutions of the bellows with respect to

each other. Since the condition is inherent in the tooling of the fabrication method, all of

the eccentricity is accumulated in the same direction (fig. 23(b)). This accumulation can be

controlled by rotating the tube after the forming of each convolution. Such control is

important in fabrication, because stackoff results in difficulty in aligning the bellows for

welding into its next assembly. Shear forces must be applied to the part to align it in a
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straightposition,and oncethe restrainingforcesare relieved,the bellowswill assumeits
naturalstackoffposition.Stackoffis morenoticeablein large-diameter( > 6 in.) bellows,
but canexistiu anysize.

Carefulmanufacturecanreducetheamountof stackoff,but it mustalwaysbeconsidered.
Stackot't becomesmore noticeableand more significantwhen the bellows is in the
conipressedmodeand whenthe bellowshasa sniall ratio of lengthto diaineter.In this
respect,the rapid increasein lateralstiffimssasthisratiobecomessmallercontributesto the
significanceof stackoff.

2.2.1.5.1 Interply Lubricants

The tubes forming the multi-ply constrtiction are slipped together concentrically during
fabrication of the bellows; a very tight fit is required and sometimes a lubricant is used.

Because ot the tight fit, it is difficult to remove the lubricant after the tubes are engaged.

l'hus, the lubricant must be chemically compatible with the service fluid, particularly with

LOX il the part is to be used in LOX smwice; it must also be nonvolatile at operating

temperatures to prevent interply pressurization.

Failures have occurred in multi-ply bellows used in LOX and in high-temperature ducts

when contaminants trapped between the plies vaporized during operation (or reacted

violently when they came in contact with LOX that entered through a crack) and caused

sufficient pressure to burst the bellows (ref. 104). The word "implosion" is used to describe
the [aihire mode, because the rapid pressure buildup causes the inner ply to burst into the

flow stream.

Solid dry-fihn lubricant (e.g., molybdenum disulfide) has been utilized successfuly as an

_ssembly aid ; since it is a solid, it creates no volume-expansion problem when heated.

A successful method for removing lubricant or moisture is to bake the bellows after forming

and before the plies at each end of the assembly are circumferentially welded together. If a

particular bellows-forming process necessitates welding the tubes circumferentially prior to

forming to prevent ply slippage, vent holes are located adjacent to the weld in each of the

plies; the vent holes permit outflow of trapped vapors during the baking process after

forniing. A second circumferential weld is then made inboard of the vent holes, and the
bellows neck is trimmed to eliminate the hole areas. This procedure prevents contamination

from enterring between the laminations once the part is in service.

Because of the failures that have resulted from interply lubricants, the practice of using

lubricants has been largely discarded by bellows suppliers. The ply tubes are nested

concentrically without lubricant, and /tie additional clearance required between tubes is

taken tip by hydraulic sizing prior to forming the convolutions.
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2.2.1.5.2 Weld Necks

The success or failure of a bellows joint often depends on the detail design involved in tile
integration of the bellows-to-duct interlace. In preferred configurations, the weld neck inner

diameter (ID) is equal to the bellows ID. Since the bellows wall thickness is always less than

that of the adjoining duct, the transition piece must provide the proper thickness ratio for a

sound weld joint. Doublers are often used to build up weld-neck thickness for a more

favorable ratio of bellows-to-duct weld thickness. However, if a doubler is permitted to

touch the end convolution, the stress raiser thus created can promote early fatigue failure

when the bellows is deflected or subjected to vibration. Also, the weld attachment is kept
away from the end convolution, because (1) the flexural stress at the convolute root

dissipates rapidly with distance from the convolute and (2) short necks make welding
difficult.

The spring-rate loads of the bellows transmitted to the duct at the weld neck are factors in

neck design. Failure of the weld joint or the neck can occur if the stress applied at the
bellows-to-duct interface exceeds the design strength.

Although the geometry of the outside-neck attachment may have appeal, designs that

require this configuration are evaluated carefully, because fabrication is difficult. The

outside-neck attachment always increases cost of manufacture and may downgrade the
bellows performance, as certain convolute configurations may be inhibited.

2.2.2 Bellows Restraint

2.2.2.1 MECHANICAL LINKAGES

The most commonly used restraint design is the gimbal-ring joint (or universal): other

concepts include the hinged joint, ball joint, and braided sheath. Reference 16 (pp. 76-78)
presents a broad spectrum of designs.

The gimbal-ring joint is the "workhorse" of bellows restraints. It can be designed to

withstand extremely high pressures and temperatures, is capable of angular deflection in all
planes, and will withstand imposed torsional loads. Stops to prevent excessive bellows

angulation are readily adaptable to this design. The load-carrying pivot pins may be designed

for either single or double-shear support, the choice depending on the separating load. The

same comments apply to the hinged joint, which provides angulation in one plane only.

A subtlety of gimballed bellows, sometimes overlooked even by experienced duct designers,
is the fact that a gimbal (or universal) joint, when deflected about both of its axes

simultaneously, produces a torsional deflection (refs. 105 and 106). Motion is J_ot
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transmittedwith a constantangular-velocityratio unlessthe intersectionof drivingand
drivencomponentsliesin a homokineticplane(ref. 105).Gimbal-ringlinkagesdonot have
this type of geometry;therefore,they inducea torsionaldeflection.Becausethebellows
normallyisveryrigidin torsion,hightorsionalstressesareproduced.

Oneof tile mostpopularandinexpensivemethodsfor anexternal,tension-tierestraintisthe
useof a braidedwire sheath,asin the caseof aflexiblehose.This typeof joint canabsorb
both angularandsheardeflections,andactsasavibrationdamperfor the bellowsinside.
The braid restrictsangulardeflectionunderhigh pressureby offcenterpivoting,which
resultsin increasedbendingmoments.

Friction betweenthe braid and bellowscanbe minimizedby anadapter,whichprovides
clearanceat the endconvolutions,andby the applicationof soliddry-film lubricanton the
outer surfaceof thebellowsandinnersurfaceof thebraid.Excessivefrictionandeventually
possiblegallingof thejournal-typepin bearingson thelinkagesisaproblemthat alsocanbe
alleviatedwith solid dry-film lubricants(refs. 107and 108).LOX-compatiblelubricants
mustbe usedbetweenbellowspliesandon thebearingsof restraintlinkagesutilizedin LOX
systems.Dataon LOX compatibilityof lubricantsareutilizedin makingaselection; if data
arenot available,ason a new product, LOX impact testsareperformed.Reference107
providesadditionalinformationon theuseof lubricantsfor linkagebearings.

Oncea gimbal-ringtype of bellowsrestrainthasbeenselected,the questionof internal
versusexternalmounting(fig. 24) mustbe resolved.In general,theselectionof internalor
externalgimbalis left to the discretionof thedesignerafterdesigntradeoffstudiesfor his
particularapplicationhavebeenmade.Eachtypehasits advantagesanddisadvantages.The
internalgimbalis moredifficult to clean,becauseall of themechanismscomesin contact
with the flowing fluid and thereforerequirescleaning.Both gimbalscanbe "sleeved"to
reduceflow losses;however,the conventionalinternal-gimbal-ringdesignhasa higherloss
coefficientthantheexternal-ring,sleeved-bellowsdesign.

If the diameterof an internal gimbal ring is equal to or greaterthan the duct inside
diameter,a largerdiameterbellowsisrequiredto encompassthelinkage.Thelargerbellows
causesa greaterseparatingloadandconsequentlyanincreasein linkageweightto carrythis
load. A comparisionof the weightsof internal andexternalgimbaldesignsfor a given
diameterand pressurecannot be generalizedandmust be evaluatedfor eachindividual
designcase.

The external-ringdesignaffordssomehandlingdamageprotectionto thebellows,whereas
the internalring designleavesthebellowsexposed.Doubleversussingleshearin theclevis
pin of the gimballinkageisafunctionof the loadthat thejoint cancarry,andeithertypeis
adaptableto both the internalandexternalgimbals.Experienceon theCentaurstagehas

66



GIMBAL RING PIN

7,N2""'

\'--BELLOWS

RING

BELLOWS

FLOW LINERS

FLOW

(a) INTERNAL GIHBAL (b) EXTERNAL GIMBAL

Figure 24.- Internal and external mounting ofgimbalringswith double-shear clevis pins.

shown that the double-shear design is highlY desirable. A single-shear design was used for the

propellant feedlines in the early Centaur development, but was abandoned in favor of the

double-shear design. The double-shear design proved to be much stronger and improved the

reliability of the joint. The mechanism of failure in a single-shear design is popping or
stripping of the heads from the pins restraining the joint under load.

In the F-I engine, in ducts equipped with extemal-gimbal-ring bellows joints, the gimbal ring
came in contact with the bellows' outer diameter in an overdeflected condition and caused

damage. The ducts were small (1.5 in. diam.) and therefore easily overdeflected during

shipment, handling, and installation. Normally, protective covers are installed to prevent
damage and overdeflection of the bellows joint, but in this instance the covers were not

installed. To solve the overdeflection problem, the gimbals were redesigned so that the ring
would bottom out on the rigid tube structure of the duct instead of on the bellows.

The internal-tie link joint is an economical version of the gimbal joint for small or medium

pressure-separating loads, and weighs less than the equivalent gimbal. It has the disadvantage
of high loss factors due to the frontal-area restriction to flow. This joint is not suitable for
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use in systems with high-velocity fluids, but frequently is used in the low-pressure,

turbine-gas duct systems of rocket engines. Link joints also have low torsional strength.

A peculiarity of the chain-link joint (fig. 25) is that the pivot point of the linkage is not

fixed but depends on the plane in which the joint is angulated. Since the angular deflection

is evenly distributed over the live length of the bellows only when that length is centered

about the pivot point, this change in pivot-point location with plane of angulation will

reduce fatigue life.

WELD

r--LINER /'----BELLOWS / p--- CHAIN

/ j' ]/ LINK

(TYP.)

WEI

Figure 25. - Chain-link restraint joint with internal tie.

A case in point is the chain-link joint design used in the duct from the fuel turbine to

oxidizer turbine on the J-2 engine. This joint developed a history of being unable to pass

consistently the production-lot comparison fatigue tests. It was found that the

manufacturers' tooling was not locating the chain link accurately on the center of the

bellows live length. The links of the chain were 0.625-in. in diameter, and the bellows live

length was a relatively short 2.4 in.; consequently a slight shift in live length had a great

effect on bellows deflection and fatigue life. Results of flexural endurance tests showed a

20-percent reduction in fatigue life (800 cycles vs. a normal 1000 cycles) with a 0.100-in.

axial shift in pivot point.

Internal linkages are a requirement for nuclear engines because external inkages act as heat

sinks for radiation. The linkages are cooled by liquid-hydrogen propellant.

A common problem with bellows restraints, both gimbal and hinge types, is that the bellows

pressure separating load produces a reaction in highly localized areas of the duct. Loads

68



concentratedin apointonamemberaredistributedacrossthecrosssectionof themember,
asdescribedby a 30° to 45 ° half-angle. When the joint is adjacent to a flange, duct length is

insufficient to allow the concentrated loads to redistribute circumferentially into the walls of

the duct. Consequently, localized loads applied to the bolted flange can overload the bolts

in the load area or cause deflection in the flange, possibly allowing static-seal leakage.

The ball-bearing ball-joint restraint (fig. 26) was used ill the inlet line to the F-I LOX pump

on the engine test stand. The line has an inside diameter of 16.75 in., and a proof pressure

of 400 psig. Because of the large pressure separating load, the duct overall length limitations

and gimbal angular-deflection requirements dictated that the bellows joint utilizing this

restraint be located immediately upstream of the pump inlet flange. All uneven,

circumferential loading of the pump flange could not be tolerated structurally by the pump,

and the ball joint offered a design capable of providing gimbal-type restraint and motion

while applying a uniform circumferential load to the pump flange. The problem was

resolved on the flight ducts by gusseting the flange to the duct wall.

BEARING RACE

REVERSE LOAD PRING

/,_ATING BELLOWS_ BEARINGS

FLANGE -'_
INNER

BEARING

RACE

Figure 26.- Ball-bearing ball-joint restraint used on F-1 engine

oxidizer pump for engine test.

The SSME flexible joints incorporate internal tripod and external gimbal-ring linkages. The

internal type (fig. 27 ; cross-sectional view presented in fig. 17(d)) is used ill the low-pressure

pump discharge ducts where the pressure loss can be tolerated and the overall joint envelope

must be kept as small as possible. The external type (fig. 28) is used on small-diameter (2.0

to 2.7 in.) high-pressure ducts where the pressure losses associated with internal ties are not

acceptable. The extremely high pressures and gimbal angles (up to + 13.5 °) of the externally

tied joints required the use of bellows' live lengths that were unstable in column buckling.

This difficulty necessitated the development of a novel linkage (fig. 28 and ref. 109) that
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provided lateral support at the mid-span of the bellows live length and thereby eliminated

the buckling-stability problem. The geometry of the design in figure 28 ensures that the

angular deflection of the joint assembly is distributed equally between the two bellows.

The "Gimbar"* linkage-restraint type of flex joint (fig. 29) is used in the fuel and oxidizer
fill and drain ducts of the Shuttle Orbiter (table I). This configuration offers a lightweight

design (lighter than an external or internal gimbal ring) for large-diameter ducts carrying
low-velocity fluids where the pressure loss associated with the structure protruding into the
flow stream can be tolerated. This design provides torsional load-carrying ability through the

linkage; the tripod or chain-link configurations do not.

BELLOWS

STANDOFF '-_

BELLOWS

LUG SE GM ENT ---__

STRUT--

cC':,

Figure 29. - Typical "Gimbar" restraint assembly used on fill and

drain lines of Space Shuttle Orbiter.

The bending moment loads required to angulate flexible-joint assemblies can be a significant
factor in the design of a duct assembly and the load reactions at the duct installation and

attach points. A gimballing duct, for example, can add a considerable force requirement to
the actuators that apply the moments to gimbal an engine.

*Coined word for gimbal ring with crossed bars for structural strength.
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2.2.2.2 THRUST-COMPENSATING LINKAGES

The use of a thrust-compensating bellows to offset the thrust of a primary bellows in a duct

system (fig. 30) can be considered as a form of a pressure-separating-load restraint

mechanism (i.e., a thrust-compensating linkage). This type of bellows assembly allows for

axial deflection in the same manner as an unrestrained bellows.

Figure 30. - Thrust-compensating linkage employing a thrust-compensating bellows (PVC joint).

The term "pressure-volume-compensating" (PVC) duct has come into use in describing this

type of joint. This terminology is misleading, however; no pressure compensation is

performed by the duct. A more nearly correct description is "thrust compensating," because

it is the axial thrust caused by the pressure separating force that is balanced by the

compensating bellows. It is axiomatic that, in order to compensate for thrust, the volume

must also be compensated; so this portion of the PVC description is correct. The primary

use of the compensating joint is to retain a tension-type system in areas where limited space

exists and axial travel cannot be absorbed by angulation. By proper selection of the

cross-sectional area of the balance bellows, the thrust force may be undercompensated, fully

compensated, or overcompensated, so that; a compressive, balancing, or tensile load is

imposed on the installation restraints.

The large (+-50%) volumetric changes incurred in straight-run gimballing ducts

correspondingly incur pressure perturbations that could be detrimental to engine operation.

The thrust-compensating design eliminates these pressure variations. This design concept was
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usedin all theductsto tile pumpinletsof the fiveF-1engilmsof tile SaturnS-ICvehicle.As
the enginesrespondto thrustvectorcontrol,theseductsarerequiredto have an axial stroke

of as much as -+ 50 percent of the live length of the compensator bellows. Without the tWC

feature, the volume change of the system could cause corresponding prcssure pulses at+d

variable loading on the pump inlets. Consistent engine performance depem.!s on unit'orr_,l

supply of propellants to the pumps. The PVC design maintains a constant system vc_ltmac

under all engine gimballing conditions.

In the F-I pump inlet duct, a bellows external to and concentric with the main line bellows

offsets the separating force of the main bellows (fig. 31, a schematic of the joint shown i1+

fig. 30). The annular chamber is vented to in_ernal duct pressure, and axial-tension rods ti,,"

across the bellows, as indicated, alternately around the circumfe,'rence. letescopi_g fh_xv

sleeves can also be provided. This design permits wide-open flow area throughout its le,,.gth

and thereby adds very little additional pressure loss over a straight hal+d lille.

The thrust-compensating design shown in figure 32 utilizes axial bcll++ws r+f the s_tt_e

cross-sectional area; operating pressure is applied to the outside surfaces of both bellows.

The internal volume of the bellows second from the left in the t'igtue is vented to

atmosphere. The outer shell over both center bellows acts as the litlkage that restruins the

forces separating the two. Flow direction is indicated by arrows. The joints on eilhcr e_ld of

the duct are of the internally tied, angulating type and complete the utility ol the duct

assembly. This externally pressurized configuration permits the use of axial bellows with

lower spring rate than can be used with pressure applied internally to bellows, because the

critical buckling pressure of a given bellows design is higher with external pressure than with
internal.

The "finger compensator" design shown in figure 33 features a thrt_st-compensating
chamber installed external to and concentric with the main duct bellow<, l'hc cll ,mbcJ i>

vented to internal duct pressure and, since the annular area AA is equal to the main duct

bellows area A_, an axial force equal and opposite to the pressure-separating force of the
main duct bellows is created. The entire joint is prevented !tom separating axially b_ tile

overlapping fingers alternately tying across the joint from each free end..qt+ fficient cleat:race

is provided between fingers to permit the required axial and angular motion. 1 hi:+ design

provides compactness, because the bellows overlap concentrically and i+_ :,,tdition ate _ot
limited to axial stroke alone.

The design in figure 33 was used in the pump-discharge ducts of the early .1-2 e,mines. In

later engines, the design was changed to the external-tie-bar design shown in figure 34. n(_t

because of performance problems but because of lower cost. it is interesting to J_ote thai

this classical design used for many years in the petrocllemic_d intlusHy is _,Iill Wactical for

the more sophisticated aerospace industry.
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Figure 31. - Thrust-compensating linkage, internal pressure

(F-1 pump inlet line).
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Figure 32. - Thrust-compensating linkage, external pressure.
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Figure 33. - Finger-compensator joint with thrust-compensating chamber.
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Figure 34. - Thrust-compensating linkage with external tie bar

(J-2 oxidizer high-pressure duct).
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2.2.2.3 COMPRESSION SYSTEM

A compression system is one in which free bellows, without tension-tie linkages, are used to

absorb the operational deflections in a duct system. The pressure separating and spring-rate
forces of the bellows then must be reacted by the mating attachment structure of the engine

or airframe; this reaction places the ducting in compression.

In ducting systems with compression-restrained bellows (e.g., low-pressure systems), the

engine or vehicle support structure can be overloaded with moments (shear deflections in
bellows) caused by eccentric pressure separating loads from the bellows. This problem can

be minimized by aligning the thrust vector of the bellows with the reaction points of the

attaching structure. If the operational deflections of the bellows are predictable and
repeatable, the bellows can be installed in an opposite deflection position such that it moves

toward a neutral (and lower stress) position while in operation. This type of installation is

shown in figure 3 5.

PUMP TRUNNION -. '= iLLI) / CENTERLIHE/-'-BELLOWS

_--i'' ' _)/,--Turbine

'lengthens
_--- THRUST \ l /,.,,7_

' _'_.- BELLOWS

_ Manifold

I expands
J

THRUST CHAMBER MANI FOLD _- 1

(a) INSTALLATION BIAS PRIOR TO FIRING (b) CONDITION DURING FIRING

Figure 35. - Installation of compression bellows to minimize loading on suppbrt structure.
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(e) JOINING OF HEAT-TREATED TO

NON-HEAT-TREATED PARTS

(f) LAP WELD

Figure 36. - Typical bellows-to-duct attachments.
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2.2.3 Bellows-to-Duct Attachment

The present practice of joining bellows, which are made of thin, sometimes laminated, and
often dissimilar materials, to adjacent, mor_ massive parts requires careful manufacturing

techniques. Weld fixturing for proper fitup, use of chill blocks, and automatic welding

where possible- all must be carefully planned, designed, and applied. Electron-beam
welding and diffusion bonding offer advantages for joining dissimilar metals and widely

different wall thicknesses and in addition minimize the effect on heat-treat properties

because of confined heat input. Heat-treatable-alloy bellows are welded to

non-heat-treatable-alloy ducts without disturbing the heat treat condition in the bellows
material. This attachment is accomplished by welding a transition section of the duct alloy

to the bellows before heat treating so that the final weld to the duct involves identical

alloys. Typical bellows-to-duct attachments are shown in figure 36.

The bellows-to-duct attachment welds for the SSME are basically of two types: one for

low-pressure, relatively-thin-wall bellows, and the other for high-pressure,

relatively-thick-wall parts (fig. 37). The necks of the thin-wall bellows are resistance welded

together, then trimmed around the circumference through the center of the nugget. This

practice essentially makes the bellows a single ply at its next-assembly weld interface and

_BELLOWS PLIES (4 x .024 INCONEL 1i8

_BELLOWS ELECTRON-BE_ WELDED 1TYP.) ELECTRON BE_ WELDED TO INCO

/TO INCONEL 718 END RING; |718 END RING; ASSENBLY THEN HEAT

ASSEMBLY HEAT TREATED _TREATED

_T_CHMENT/ .... /

INCONEL 718 TYP.) TRICED I [ _ELECTRON BE_

THROUGH NUGGET CENTER _ ] _CK_P LIP

f PR,IOR TO NEXT ASSEMBLY _ _CHINED FLUSH

. ..u / WITH ID AFTER WELDING

(a) LOW-PRESSURE (<500 PSI) BELLOWS (b) HIGH-PRESSURE (>_000 PSi) BELLOWS

Figure 37. - Detail design of bellows-to-duct attachments on SSME,
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improves weldability. The bellows is then electron-beam welded to end rings, and the
resultant assembly is heat treated. This subassembly technique allows the structurally

important bellows neck weld to be brought up to heat-treat strength whereas, because of the

fabrication sequence, the weld cannot always be heat treated when it is welded directly into

a final assembly.

The welded junctions of bellows to ducts (usually thicker walled than the bellows) can

result in high discontinuity stresses. Butt-welded connections, which are as thick as the

bellows wall at the weld and gradually taper to the tube thickness, appreciably reduce

stresses resulting from thermal shock. This type of welded connection also reduces

discontinuity stresses resulting from radial pressure. The H-1 turbine exhaust cobra-head

hood (fig. 38(a)) is an example of fatigue failure in a weld joint that resulted from thermal

cycling with mechanical vibration superposed. Fatigue cracks and eventual leakage

repeatedly occurred with the sandwich-joint design used (fig. 38(b)). Thermal and stress

analyses of the design indicated that high cyclic thermal stresses at engine start and cutoff

due to the large temperature gradient across the laminated structure were causing the
failures. The butt-welded forged Y-ring design (fig. 38(c)), in which laminations of material

in a high-heat-flux region are eliminated (to reduce the thermal gradient) and all welds are

Class I, proved to be the design solution, as demonstrated by successfid test evaluation:

however, the H-I engine was phased out, and the new design was not accepted for retrofit of

existing engines (ref. 110).

,I.- AREA OF ATTACHMENT

.,_,.EXHAUST GAS FLOW

(a) OVERALL VIEW OF BELLOWS-TO-DUCT CONFIGURATION

close fRup

CLASS II WELD

_ Thermal cyclincj affects

this area

(b) DETAIL OF SANDWICH JOINT DESIGN SUBJECT TO THERMAL FATIGUE

_G

ALL CLASS I WELDS

(c) DETAIL OF BUTT-WELDED FORGED Y-RING DESIGN NOT SUBJECT TO FATIGUE

Figure 38. - Design change to preclude fatigue failure of bellows-to-duct

attachments on H-1 turbine exhaust.
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Resistance seam welding is the least expensive and quickest way to join thin-wall bellows to

thin-wall ducts (% 0.090-in. wall). This method of joining does present some problems,

however. During the circumferential seam welding operation, the clearance between tile

mating parts is gathered into a single large gap as the roller electrodes approach the 360 °

clos_'otT point _fig. 39). If this gap is excessive, the electrodes will not be able to force the

two parts together for an adequate weld.

/

_/ O_P FROM
POOR FITUP

(d) CIRCUMFFP_ENTIAL 6ATHERIN c OF (h) CKOSS-SF..CTIONAL VIEM OF SF-JI_

SE.A_ _FLD _'ELD JOINT

Figure 39.- Fitup 3roblemwith resistance seam welding of thin-wall ducts.

Close titup (i.e., careful sizing of the parts to be joined) and intermittent resistance spot

welding around the circumference of overlapping parts prior to welding constitute a

fundamental requirement k'or a structurally acceptable joint. Lap resistance welds also have

the disadv_mtagc that there is _o conclusive nondestructive test method for proving their

adequacy. Radiography can be used, but the film is difficult to interpret because of the

built-.in cracks adjacent to each side of the weld nugget.

Fusion butt welds or bunldown welds are preferable to resistance welds, but require very

accur:_te jigging and tooling to align the butting edges. Butt welds can be inspected

radiographically, and they are structurally superior to resistance welds, since the weld is

loaded in tension, f_ot in shear as in the resistance type.

A method of joining bellows to ducting, not preferred but sometimes unavoidable, is the

induction-brazing technique; this method is useful when the joint is inaccessible for the

ustml welding process.
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2.2.4 Flow Liners

Internal liners (sleeves) for bellows have been successful practical solu: cp._ to the problem
of bellows fatigue failures brought about by flow-induced vibration L_ners also are used to

effectively reduce the pressure loss of a bellows joint. They have been used as structural

members supporting tube coils in the J-2 and J-2S engine heat exchangers. The liners
themselves are not without problems, however. Liners must be designed such that, with the

bellows at the maximum limits of excursion, they will not bottom out or bind on the

bellows or ducting; and they also should be designed with drain holes located as near as

possible to the weld attachment to provide for removal of cleaning fluids and contaminants.
Typical flow-liner configurations are shown in figure 40.

JOGGLE TO PERMIT CLEARANCE

FOR BELLOWS DEFLECTION-]

(a) PULL CANTILEVERED LINERS

FLOW

(b) SHORT CONICAL LINER

(c) HALF LINERS

Figure 40. - Typical flow-hner configurations,
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Fatigue failures of liners in which cracks appeared in the trailing edge and in the weld joint
have occurred. These failures were attributed to vibration modes of the cantilevered end of

the sleeve. Increasing the wall thickness, which thereby increased the rigidity of the liner

until it successfully withstood the vibration inputs, solved this problem.

Collapse of liners as a result of pressure on the outer diameter of the liner exceeding that on
the inner diameter also has occurred (ref. 111). Collapse has been attributed to sudden

changes in flowrate that cause a differential static pressure across the liner wall. Since liner

diameter usually is smaller than the attaching duct diameter (fig. 40), the liner section

behaves like a venturi, and rapid changes in flowrate cause static pressure changes in the

liner section. If the static pressures on either side of the liner do not stabilize quickly, a

momentary differential can be induced on the liner wall and cause collapse. In the case of

fill and drain lines, the stagnation pressure in the drain flow direction (against the OD of the

liner) adds to the difference in static pressures and can cause liner collapse (ref. 111). Vent
holes in the liner can relieve some of this pressure differential, or the liner can be

strengthened to withstand the applied load.

2.3 FLEXIBLE HOSE

The industrial experience in braided flexible hose provided a starting point tor advancing the

technology to the state required for space-vehicle applications. However, as in the case of

bellows joints, pressure ratings in the sizes needed were unheard of. The procurement of
commercial braided metal hose of 3- and 3V2-in. diameter made of 321 CRES for 750 psi

operational pressure in the original Atlas booster engine design is an example. This pressure

level was greatly in excess of the commercial rating and left little or no margin of safety.

These hoses, however, were used for initial engine tests, and pressure ratings eventually were

increased by modifying the design to meet aerospace requirements. Thousands of hoses in

this size (3 to 3V2 in.) have been used for both cryogenic-oxidizer and hydrocarbon-fuel

applications in the Navaho, Atlas, Jupiter, and Thor engines, a very large population for
space-vehicle hardware.

Little was known about the pressure losses in hoses at the Reynolds number used in rocket
engine operation (Re > 106). Fatigue life and cryogenic-temperature properties of the

materials available were sketchy. These voids eventually were filled to permit successful

operational designs.

Coiled tubing, an alternate design for small-diameter bellows-type flexible hoses, is not used

on any engines of the Saturn or earlier programs. However, rocket engine manufacturers do

use coiled tubing consistently in tank-pressurization heat exchangers. The primary purpose

is not to achieve line flexibility, a secondary benefit, but to provide the maximum

heat-transfer surface area possible in a minimum of space.
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In the Centaurstage,a coiledtubeisusedfor thepneumaticlinesto themainengines;also,
flexiblebendsareusedin propellant recirculation lines and tank pressurization lines (all _< 1
in. diam.).

2.3.1 Routing

The same practices for routing ducts or lines generally apply to assemblies of braided

flexible hose, except that all systems are of the tension type. A minimum number of flexible

sections is used in an assembly, and they are strategically located to achieve the maximum

line motion possible with minimum motion of the flexible section. References 112 through

118 provide design guides on use of flexible hose.

A typical configuration for flexible-house assembly that displays sound design practice is

shown in figure 41. Note that as opposed to the layout shown in figure 5 the entire

wraparound lies in the gimbal plane rather than passing through it. The assembly is for a

LE HOSE SECTIONS

_ THRUST CHAHBER

Figure 41. - Gimbal-plane wraparound hose configuration.
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rocket engine with a thrust-chamber head-mounted gimbal used for thrust vector control.
For two of the three flexible sections, the longitudinal centerlines are located in the gimbal

plane. The center of the five length of each of these two flexible sections is located on each

of the gimbal axes. A third flexible section is located in the vertical leg to provide universal
motion of one end of the line with respect to the other. This method of locating the flexible

sections limits their motions to the gimbal angle only, thereby minimizing bending stresses

and attendant fatigue.

When the hoses are not inherently stiff enough to resist motions imparted by mechanical

vibration or undesirable displacements due to acceleration loads, then clamps and support

brackets, strategically located, are used as dampers.

Other configurations have been used for crossing the gimbal plane when lack of available

installation space prevented the wraparound approach. The engine-to-vehicle interface flex
fines of the J-2 engine (fig. 42) are a case in point. These lines were arranged in a U-shaped

routing configuration with a section of braided flexible hose in each leg of the U.

VEHICLE

OFENGINE

ENGINE-TO-

V E H lC L E

INTERFACE

FLEX LINES
i ii_i

!!ili

ENGINE--_
THRUST

CHAMBER

GIMBAL

AXES

Figure 42. - Off-center hose configuration crossing gimbal plane

used in engine-to-vehicle lines of J-2 engine.
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A considerable amount of test data has been accumulated on the flow losses through

flexible metal hoses (refs. 119 through 125); these data are used in the design phase of a

new application. The pressure drop in a convoluted innercore is 10 to 15 times that for a

comparable-diameter hard tube. Bends in flexible-hose elements are avoided where possible.

The references show that, for comparable geometries, the ratio of the pressure-loss factor

for a convoluted elbow to the pressure-loss factor for straight convoluted section is much

greater than the ratio of pressure-loss factor for plain-tube elbow to the pressure-loss factor
for a straight tube. In addition to the pressure-drop disadvantages, the bent flexible

configuration maintains a steady-state deflection stress on the part in an installed position;

this stress can adversely influence fatigue rife.

2.3.2 Sizing

Current practices in sizing flexible hose involve the same general considerations used for

sizing lines (sec. 2.1.2). A practice on most flexible-hose designs is to keep velocities of gases

below a Mach number of 0.3 in order to avoid pressure loss and flow-induced vibration. This

approach is not supported by either analytical results or experimental data. Analyses of

pressure loss (refs. 119 through 125) and flow-induced vibration (refs. 84 through 90) are

better methods for avoiding problems with either phenomenon.

Standard design practice for manufacturers of flexible metal hose is to make the innercore

inside diameter greater than the attaching-tube inside diameter. This procedure introduces

expansion and contraction losses that must be traded off with hose pressure losses for an

acceptable total loss.

2.3.3 Innercore

Analysis of flexible-hose innercore for flow-induced and mechanically induced vibration is

the same as for bellows (sec. 2.2.1.2), with the exception that the braid restrains the

convolutions to vibrate individually. Other considerations such as pressure capability,
corrosion resistance, manufacturing practices, and handling protection for flexible hoses are

similar to those for bellows (secs. 2.2.1.1,2.2.1.4, 2.2.1.5, and 2.1.5.7).

2.3,3.1 OPERATIONAL CAPABILITY

Temperature extremes to which components are subjected in a rocket engine system usually

will exempt a nonmetal hose from consideration. Even if the hose is suitable for conveying a
particular fluid, then proximity to hot or cold running components, placement in view of

the exhaust plume, exposure to exhaust blowback, a test-stand fire, or exposure to

cryogenic temperature could cause failure of a nonmetal hose. These adversities seldom pose

problems with metal hoses.
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Annularlyconvolutedmetalinnercoreis thepredominanttypeof pressure-carryingmember
in aerospaceflexible hoses.The methodsof stressanalysisfor bellowsareapplicablefor
braided-hoseinnercore;however,it cannotbe assumedthat the total live lengthwill be
activein bending.The"Chinese-finger-trick"effectof thebraid,whichcausesacompressive
load oll the innercoreOD, plus the bottomingout of the braidwiresin bending,do not
permitasmootharc(constantradius)deflectionof the innercore.

Helically convolutedmetal innercore,althoughmore readilyavailableand lessexpensive
thantheannulartype,is notgenerallyusedinaerospaceapplications.Thescarfedendof the
innercorepresentsa difficult joint at theend-fittingattachment.Puddlesof brazeor weld
are required,with resultantpoor control of quality. Torsionaldeflectionimposedon the
hose during assemblycreatesa preload that tends to loosenend fittings if they are
flared-tubethreadedconnections.This sametwisting effect is createdwhenthe line is
pressurized.

Althoughsomeflexible-hoseusersinsist that seamlesstubingbeused,noevidencehasbeen
found in J-2, F-l, H-l, Atlas,or Thor programsto indicatethat this practiceis necessary.
Seamlesstubingismuchmoreexpensivethanrolledandweldedtubes,andsincebellowsare
rarelymadefrom standardtubes,the leadtimefor specialmill runscanbeexcessive.Rolled
andweldedtubes,fabricatedproperlywith goodfitup andwelding,haveprovedto bevery
successful.TheweldsareX-rayedfor qualityverificationandput throughatorturousordeal
in the bellows forming process.If no leaksoccur after forming,the assuranceof high
reliability is excellent.Also, the uniformity of wall thicknessfor rolledandweldedsheetis
better thanthat achievedwith seamlesstubingbecauseof ID/OD eccentricitiesinherentin
tubeforming.

Nonmetalinnercoresuchasrubberor tubularor annularlyconvolutedTeflonhasnotbeen
usedextensivelyin rocket enginesystems.Atlas, Thor, and F-I engineexperiencewith
tubularTeflonincludedproblemsof kinking,cracking,leaking,andburning(pinholes).

Kinking, the most prevalentproblem in Teflon hoses,resultsin increaseddifferential
pressureandpossiblefractureof the innercore.Kinkingproblemshavebeenresolvedby the
additionof an internalhelicalspringthroughoutthe hose1D,mechanicallyattachedto the
end fittings. Another solution is convolutingof the innercore;however,the convoluted
Teflontypehaslimitedpressure-carryingcapability.

Crackingbecauseof embrittlementof the Teflonhasoccurred.Curingof theTeflonlineris
critical, becauseif incorrectlyaccomplished,the liner issubjectto longitudinalandradial
cracking.

Leakageof swagedendfittings usedon all nonmetalhosesisaproblembecauseof inherent
designweaknesses.Themechanicalsealarrangementin swagedfittings isdependentoninitial
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applicationof pressureduringfabricationto sealproperly.Torquingof thisjoint iscritical,
andif the torqueis lessenedeitheraccidentallyorduringdisassembly,thejoint will leak.

Pinholeburning,presumablycausedby electrostaticdischargefrom the liner to the braid,

has occurred with Teflon liners. This problem supposedly has been solved by impregnating

the innercore with carbon, thus making it conductive and presumably preventing

accumulation of static charge.

Despite all these problems, Teflon has been used successfully in some applications. The

Titan III engines use both normal (white) and carbon-impregnated Teflon flex hoses in sizes
ranging from 3/8 in. to 1 in. in diameter. About half of these are carbon impregnated;

changes to the carbon type have been made only for new designs, since it has never been

conclusively proved that carbon impregnation is the solution to the problems of pinhole

burning caused by electrostatic discharge.

On the S-IC stage of the Saturn vehicle, Teflon hose was used successfully with RP-1 at 2200

psi operating pressure. Teflon innercore has been used successfully for the airborne

hydraulic system on Centaur.

Rubber hose is limited to noncryogenic or non-high-temperature applications. Rubber is

subject to age problems because its quality deteriorates with time. It also will swell when

subjected to trichloroethylene flushing; the swelling restricts flow and can cause failure of

the end-fitting joint.

2.3.3.2 BENDING MOMENT

The bending moment required to bend a flexible hose is a consideration becailse of the

loading applied to adjacent components. For example, reduction of bending moments of
flexible hoses that cross the engine gimbal plane reduces the actuator loading required to

gimbal the engine. Lubricants applied to braid wires and the outer surfaces of the innercore

reduce bending moments. Compressing the innercore axially before installing the braid
results in more convolutions per inch and a lower bending stiffiless, at the expense of

increased weight and material cost. Innercore compression also improves the ability of the

hose to withstand pressure impulses.

2.3.3.3 BUCKLING STABILITY

Buckling stability, which is of concern in the design of a bellows, is not a source of concern
in the design of a flexible hose. The support that the braid provides for the innercore

prevents buckling unless end attachments (on installation) prevent the braid from pulling

taut when the hose is pressurized.
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2.3.4 Braid

The braid consists of a woven tubular covering that restrains the innercore against
elongation while giving it lateral support and protection. Since the braid absorbs the entire

separating load, its strength largely governs the burst pressure* of a hose; stiffness and yield

strength govern the length or stretch. The braid covering on the majority of hoses used in

rocket propulsion systems is woven of stainless-steel wire. Tubular braid may be woven

directly on the innercore. For bellows-type innercores, however, the braid generally is

woven in continuous lengths or sheaths that are cut as required and slipped over the bellows

during assembly. Sections of braid are cut at a length slightly greater than that of the
convoluted innercore. A tensile load then is applied to the ends of the braid section, and the

section is attached to the end fittings by brazing or welding.

The braid-weave pattern must be such that the wires will not bind or bottom out within the

angular-deflection design limits of a particular flexible section. If the wires within a braid

bottom out against each other when the hose is angulated, further deflection will be

distributed over a shorter live-length section, the result being higher stresses and shorter
fatigue life.

Tubular wire braid is available in a variety of constructions. In addition to variations in

numbers and diameters of wires, there are variations in the form or grouping of the wires,

the weave, the braid angle, and the number of braid layers. The most commonly used form

of wire is the "beamed" type in which each carrier bobbin of the braiding machine is wound

with a group of parallel wires called a "pick," or an "end," or a "carrier." In another type,
each pick consists of a number of wires that have been first braided into a flat braid before

being wound on the bobbin. The size and number of wires per carrier are selected to obtain
flexibility and strength within the machine capabilities.

Two weaves are commonly used: plain weave, two-over/two-under; and diamond weave,

one-over/one-under. The term "basket weave" is loosely applied to any tubular braid. Plain

weave permits the greater number of wires and therefore the greater coverage. (Coverage is
critical in electrical shielding applications, but is of secondary importance in metal hose as

long as the mesh remains tight enough to retain the innercore.) Large braids are limited to

plain weave. Diamond weave is the tighter construction. The cost of either weave is about

the same. Typical braid configurations are shown in figure 43.

The braid angle or helix angle is the angle whose tangent is the pitch divided by the braid

circumferential length per pitch, the pitch being the axial distance taken by any given wire
to make one complete turn. An angle of approximately 45 ° is presumed to give maximum

flexibility consistent with good end strength and burst resistance for hose with metal
innercore.

*Maximum pressure the hose can retain without losing pressure or fluid.
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(b) Example of a plain weave braid with

double-plck, two-over, two-under
construction

Figure 43. - Typical weaves used in cons[ruction of tubular wire braid.
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For most efficient use of braid, the wires should make a traverse of at least 360 ° along the

length of the hose. Less of a traverse results in high bending loads and excessive bending of
individual wires at the attach points, thus causing fatigue failure. Sufficient wire

cross-sectional area, plus a suitable margin, is supplied to resist the pressure separating load

of the bellows.

Multiple layers of braid may be used to achieve greater strength within wire-handling

capacity of the braider and without too great a sacrifice in flexibility. Because of the
difficulty in obtaining perfect load distribution between layers of braid, it is reasonable to

assume that the second layer is only 80-percent efficient.

Tubular braid is readily available in a variety of metals and sizes up to 18 in. in diameter.

The tensile strength of stainless-steel braid wire is about 120 000 psi, although high-tensile

(up to 270 000 psi) braid is obtainable. Tubular braid is identified or described as follows:

ID × number of wires per carrier × number of carriers × diameter of wire × kind of
material.

The end strength of a braid may be calculated from the relation

where

FB

Fa = n Fw Be sin6 (2)

= braid end strength, lbf

n = total number of wires in braid

Fw = strength of a single braid wire, lbf

Be -- braid efficiency (a factor providing for stress intensification in the braid and in
the braid attachment)

= 0.93 for annealed wire

= 0.85 for hard-drawn wire

-- 0.80 for a second layer

6 = braid angle as defined previously (fig. 43), deg
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Theburstpressure(aslimitedby braid endstrength)of abellows-typemetalbraidedhose
maybefoundfrom theexpression

F B

Vb - heft (3)

where

Pb = burst pressure, psi

Aef f = effective area of bellows, in. 2

, where Dm -4

OD + ID

The restraining force contributed by the bellows is practically negligible.

The approximate elongation of the braid when the hose is pressurized may be calculated

from the expression

Vi _heff
= (4)

nEA w

where

= braid elongation, in.

Pi = internal pressure, psi

£ = total length of one braid wire between end connections, in.

E = Young's modulus for a braid wire, psi

Aw = cross-sectional area of each wire, in. 2

It should be noted that this expression includes no allowance for slack in the braid. It also
assumes that the braid stress is within the elastic limit. References 126 and 127 present

further information on braid design.

Braid wire is subject to corrosion ; reference 128 presents a summary of a corrosion incident.

Because of the experience with corrosion of 300-series-CRES braid materials and the
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exceptionallylonglife requirementof theSSME(100missions),all SSMEbraidedhosesare
madeof nickel-basealloys.

2.3.5 End Construction

Two types of end construction (i.e., juncture of innercore, tube adapter, and braid), evolved
after many years of experience, were used extensively on the J-2 and F-1 engines and on the

S-II stage. These constructions are (1) a welded and brazed design for use at temperatures

less than 400°F (fig. 44(a)), and (2) an all-welded design for high-temperature ( > 400 ° F)

applications (fig. 44(b)); welded construction is required for high-temperature applications

because of the loss of strength of the braze material. These designs have been used

successfully for lines up to 3 in. in diameter.

A construction different from those described above is used on large-diameter (31/2- and 4-in.

ID) hoses developed for the Atlas and Thor gimballing feed systems. The tube ID is large

enough to permit a lap weld of the pressure-carrier neck to the tube adapter (fig. 44(c)).

This design is different from the brazed design used in the previously mentioned smaller

sizes because it was developed in working with different suppliers. It is believed that the

designs for the smaller sizes can be extrapolated to larger diameters; however, there has been

no practical experience with the larger diameters.

Many other end constructions have been used successfully in rocket engine and vehicle
applications. Some of these are shown in figure 45.
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Figure 45. - General-purpose end constructions for braided hose.
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Figure 44. - Braided-hose end construction for specific applications.
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A common problem, especially with small (¼-in. diam.) hoses, is the overangulation and

subsequent braid bulging at the ends of the hose. A solution widely used with commercial

elastomeric hoses is the placing of external coil springs over the braid for a few inches at
each end of the hose; this practice precludes exceeding the minimum bend radius and

damaging the hose or braid near the braid rings.

2.3.6 Bending Moment

The moments required to deflect braided metal hoses are a function of hose geometry and

construction (e.g., diameter, innercore thickness, number of plies, live length, number of

layers of braid, number of wires and diameters) and operating pressure. Data on bending
moments can be obtained from the manufacturer or by test. Figure 46 presents some typical
values.
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Figure 46. -- Typical bending moments for various configurations of braided metal hose.

2.4 FILTERS

The function of a filter in a fluid system is to reduce the amount of contamination in the

system to a level at which the remaining particles do not affect the performance
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characteristicsof contamination-sensitivecomponents.Thefilter mustbe of a sizecapable
of removing the necessaryamount of system-generated,built-in, or environmental
contaminationthroughoutthe requiredservice:life withoutexcessiveincreasein differential
pressureacrossthe filter element(refs. 129 and 130).Typical filter applicationsare
summarizedin table II.

2.4.1 Filter Element

Mechanical filter elements remove contamination from a fluid system by physically trapping

the particles as they pass through the filter material. The filter element can be either a

surface or a depth type. A surface filter performs its function by trapping particulate
contamination on the upstream side of the filter surface at the inlets of the filter material

capillaries. A depth filter performs its function by trapping particulate contamination within
the intricate capillary system of the filter material; it has the ability to remove particles with

one dimension significantly greater than either of the other two dimensions (e.g., fibers).

The significance of longest or largest dimension for the particle as compared with the

diameter of a spherical particle is emphasized in reference 131. In rocket systems, most

surface filters have been woven wire cloth and most depth filters have been stacked etched
metal disks. Reference 12 contains excellent descriptions of various types of filters and filter

materials.

Surface filters have the following characteristics:

• Good control of maximum particle size

• Easy to clean

• Thin cross section (necessary for design of maximum area configurations)

• Free from filter-material (media) migration and release of initial element

contamination.

Depth filters have the following characteristics:

• Longer life than surface type for equal area

• Thicker cross-sectional area than surface type, hence greater weight for equal area

• Generally poor control of maximum particle size, because of nonuniform pore
size

• More efficient removal of fine particles for equal large-particle control
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• Tend to erode

• Prone to filter-material (media) migration and release of initial element
contamination.

The majority of filters in use are of tile surface type, primarily because they provide

maximum surface area for minimum weight. Selection of the optimum filter design for a

given application requires a definition of the following parameters:

(I) Largest particle size that can be tolerated by the operating components

(2) Amount and type of contaminant that will be encountered during service life,

including all cleaning and test fluids

(3) Maximum pressure drop that can be allocated by the system

(4) Space that can be made available within the system

Of these four basic variables, the first call be defined with a fair degree of accuracy,
since the allowable particle size can be determined by a review of the clearances or the sizes

of capillaries in a contamination-sensitive component. A review of system-performance
requirements reveals the degree of severity of possible component malfunction due to the

entrapment of a particle on a valve seal or other critical surface. The second variable,

however, is more difficult to define because of the followhlg factors:

• The amount of contamination remaining after component cleaning and system
flushing can be calculated only to an approximate minimum value.

• The amount of contamination that is environmentally introduced during service

and assembly is ahnost impossible to predict.

• During laboratory tests, the fluids and temperatures used for evaluation often
vary considerably from those encountered by the filter in service.

The third and tburth variables can be defined by performing a systems analysis and by

maki_lg a trade study to determine whether it is more advantageous to have the filter

externally mounted or to have it installed as an integral part of the component.

2.4.1.1 FILTER RATING

The filter rating is intended to specify the largest particle that can pass through the filter;

the rating thus deter__:_iNes the degree of protection for downstream components. Several
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different ratings are used in the filter industry; some tend to be misleading if not fully
understood by the user. The most definitive of the various ratings is the maximum particle

size rating (MPR), which controls the maxinmnl (longest) dimension of any particulate
contaminant allowed downstream of a filter. Other filter ratings commonly used are

"absolute" and "nominal". The absolute rating applied to a filter unit requires the unit to

retain all spherical particles equal to or greater in size than the absolute rating. This rating

controls only the second largest dimension of contaminant allowed downstream of the

filter. The absolute rating is often referred to as the glass bead rating (GBR). The nominal

rating applied to a filter unit requires that the unit retain a certain percentage (by count or
by weight) of spherical particles or graded dust equal to or greater in size than the nominal

rating. The nominal rating is always less than the absolute rating. The nominal rating is Jess

well defined than absolute rating, and it is a relative indication of filter capability only. The

use of nominal rating in the filter industry is becoming obsolete because of the ambiguity of
its definition.

The maximum particle size rating can be determined by test. The test involves the use of a

readily identifiable contaminant that contains particles of various sizes and shapes. A test

procedure for determining maximum particle size is described in reference 132.

The absolute rating (GBR) of a filter also can be determined by test. Tests are based on

filtration of an artificial contaminant (glass beads) under specified test conditions, t;ffluent

containing artificial contaminant that has passed through the test filter is collected. The

artificial contaminant is passed through a membrane filter and the particles held on the
membrane are scanned for the largest particle (ref. 133). Since approximately 60 percent of

the beads required for testing a 15-ta filter fall in the 25-# range or smaller, they tend to

coagulate on the membrane and obscure beads that are larger. The test procedure most
often utilized is well defined in reference 133, but provisions for preventing coag_flation are

lacking.

A means of determining nominal (average) pore size is the mercury intrusion method, which

is not in general use because of the toxicity of the mercury and is applicable only to filte_

cloth in the fiat state. A detailed explanation of the mercury intrusion test is presented in

reference 12 (see. 15.8.5.2).

Although the use of absolute rating (GBR) is more prevalent, the maximmn particle size

rating (MPR) is a truer indication of the protection afforded to downstream components. A
correlation between MPR and GBR has been established for both twilled double Dutch

weave (TDDW) and plain Dutch single weave (PDSW) wire cloth (ref. 132), viz., the

maximum particle size rating (MPR) is approximately 2.5 times the absolute (GBR) rating.

As an example, a filter element using TDDW wire cloth having an absolute rating of 10/_ will

permit the passage of particles up to 25# into the downstream system. The correlation
between MPR and GBR for other types of filter elements (e.g., etched disk) needs to be

established by test for each particular type. Reference 132 lists the correlation faclors for _
limited number of filter materials and kinds c f construction.
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Maximum-particle-sizetestsare not practical /'or acceptance testing of production filters.

The glass bead test is a destructive type of test and is never used as an acceptance test;
however, correlation with a nondestructive bubble-point test permits verification of absolute

rating for production filters. The bubble-point test consists of wetting the filter with a liquid

of known surface tension and then determining the gas pressure required to force a bubble

through the wetted pores. The larger the pore, the lower the pressure at which a bubble or

stream of bubbles will form. The detailed procedure is described in reference 134.

2.4.1.2 SYSTEM CONTAMINATION/FILTER AREA

The primary function of a filter is to prevent damage to contamination-sensitive

components in the fluid system. To ensure reliable performance of a system, it is necessary
to reduce the contaminants that are entrained in the operating fluid to a level at which the

remaining particulate matter will not cause damage to the critical operating components.

The determination of how much filter area is needed is based on accurate prediction of the

amount of system contamination that can be expected for any given application. Several

companies and universities have been working on the problem of accurately predicting

system contamination, but as yet no real solution is in sight. There appears to be no

correlation between the actual and predicted amounts, sizes, and types of contaminants; the

reason may be the variation in techniques utilized in manufacturing and building systems

and components. A detailed description of some of the problems encountered may be found
in references 135 through 138.

The lack of a realistic basis for determining the amount or makeup of contaminant that is

likely to pass through a filter during its service life has led to some arbitrary compromises.

In order to demonstrate that sufficient filter area has been provided for a particular design, a

specified amount of contaminant is required to be retained by the filter without exceeding

some maximum differential pressure (contaminant tolerance). The most frequently used test
contaminants are AC-Fine and AC-Coarse dusts.* The two dusts may not ideally represent

the true makeup of system contamination, but they do provide a baseline material for

evaluating the ability of a filter to retain particles presented to the upstream side under flow
conditions. The amount of dust to be presented to the filter is also an arbitrary compromise.

Reference 132 provides an excellent source of information on tests that were performed to
determine the contaminant tolerance of various filter materials for both gaseous and liquid
flow.

A good example of a filter problem related to unpredictable system contamination occurred
on the SSME. The main pneumatic filter had satisfactorily demonstrated its ability to retain

a specified amount of AC-Coarse dust without creating excessive differential pressure. When
engine testing began, several filter failures were caused by the sudden accumulation of fine

contaminants (smaller than the absolute rating (GBR) of the filter) that plugged the pores

*These test dusts are Natural Arizona Dust supplied by General Motors Phoenix Laboratory and classilied to specific

particle-size distributions by the AC Spark Plug Division of General Motors Corporation.
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and greatly increasedthe filter differential pressure.As a consequenceof the higher
pressure,severalfilter elementsruptured. The sourceof the contaminantswas the test
facility plumbing.To resolvethe problem,the quality of filtration in the test facility was
madebetter thanthequalityof filtration calledfor in theenginesystem.

2.4.1.3 RESIDUAL FILTER CONTAMINATION

Residual contamination is the amount of contaminant remaining in the filter after final

cleaning that can potentially slough off and pass into the downstream system. Contaminant

particles are accumulated by filters during the various stages of manufacturing. A last-stage

cleaning of the filter removes some percentage of the particles, the amount depending on

how rigorous the cleaning process is. To facilitate final cleaning, it is desirable therefore to
limit the amount of contaminants accumulated by the filter during manufacture. Cleaning

processes are expensive, and when a filter has accumulated a great deal of contaminant the
cost of final cleaning can often exceed fabrication costs by several orders of magnitude. To

limit the accumulation of particles during fabrication, assembly, and testing of filters, it is

necessary to control the environment during these stages of manufacturing. All filters used

in the Space Shuttle flight system must conform to the requirements of reference 131 to
minimize residual contamination. The cleanliness level (residual contamination) actually is a

measure of the particle release rate of the filter and therefore is greatly affected by the
intensity of the sampling method. Normal practice is to test only the effluent side of the

filter for particle release while subjecting the element to a sonically-induced cavitational

field (ref. 139). It should be emphasized that cleanliness levels specified for filters are only

an indication of particles that can potentially slough off. If the operating environment is not

as severe as the sampling method, the potential for sloughing particles decreases

proportionately.

2.4.1.4 FILTER MATERIAL AS CONTAMINANT

Media migration is a commonly used term for the presence in the system fluid of particulate

contaminant identifiable as originating in the filter element or filter-supporting structure.

Some filter materials are subject to media migration more than others because of the

method of manufacturing. Filter materials subject to migration are sintered porous metal,

pressed paper, matted fiber, glass fiber, sintered plastic, fired porcelain, bonded carbon, and

bonded stone (ref. 12).

Methods of testing for media migration vary considerably, and standards for verification of

migration vary even more. In general, the most accepted method involves a combination of
thermal-shock and vibration tests. A filter is exposed to its lowest service temperature for a

period of time and then is rapidly transferred to its highest service-temperature environment
for an equal period: this procedure is repeated for several cycles. After the thermal shock
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tests, the filter is subjectedto a vibration environmentcommensuratewith its service
environmentfor a specifiedperiodof time. On completionof testing,the filter is flushed
with a specifiedamountof fluid (usually500ml of FreonTF); thefluid is collectedand
passedthrougha 0.45tamembranepad.Themembranepadthen is analyzedtbr particles
identifiableasfilter or supporting-structurematerial.Unfortunately,thesamplecollectedis
composednot only of possiblemediaparticlesbut alsohasresidual-contaminationparticles.
In the simplestcase,if the particlesareall nonmetallicandthefilter isconstructedentirely
of metal, it canbe concludedthat no mediamigrationhasoccurred.If the particlesare
metallic,further analysisis required,and filter materialmustbedistinguishedfrom residual
contamination.

Individual particles from a representativesampleof the pad can be identified with
equipmentsuchas an electronmicroprobeX-rayanalyzer.Comparisonof the chemical
analysisof a representativenumber of the particleswith the filter-materialchemistry
providesthe basisfor determiningif mediamigrationhasoccurred.This kind of analysisis
expensiveand time consumingand is resorted to only when a visual microscopic
examinationof theparticlesdoesnot suffice.

It hasbeenthe practiceon occasionto utilizethecleanliness-level(residualcontamination)
requirementsasthe basisfor media-migrationverification.The basis is acceptable so long as
the actual residual-contamination particle counts fall well below the maximum particle

counts specified. If the cleanliness-level requirements are stringent, the above method is not

used. For example, the hydraulic filter for the SSME satisfactorily demonstrated no media
migration. The pneumatic filter for the same engine had more stringent requirements, and

the post-test particle counts exceeded the cleanliness allowable counts. It was necessary to

resort to electron microprobe X-ray analysis in order to verify that the particles were not

comprised of filter or structure material.

2.4.1.5 PRESSURE DROP

Prediction of the differential pressure created by a given flowrate presents one of the more

difficult problems in filter-element design. Generally, in the case of a surface-type element,

the pressure drop across the filter medium for either fine or coarse mesh is relatively small

when compared with the loss created by the element entrance or exit configuration. The

accepted practice is to generate flowrate-vs-differential-pressure curves by actual test after

the element is fabricated. Empirical equations for calculating basic flow resistance for

various filter materials are presented in reference 132. The eqnations provide an excellent

means for evaluating filter area requirements; however, they do not consider entrance and

exit losses. The slope of the curve for pressure-drop buildup is a function of flow velocity,

type of fluid, and filter material. The collapse pressure* of an element must be greater than
the maximum transient differential pressure expected under flow conditions.

*Collapse pressure is the maximum differential pressure that the filter element must be able to withstand without any

permanent deformation that results in rupture or degradation of performance that releases contamination into the

downstream system.
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System-transientdifferentialpressuresthat exceedthenominalcanresultindeformationof
the filter element.Thedeformationcallchangetheflow resistanceof thefilter, particularly
in the caseof a tightly pleatedwoven-wire-clothconfiguration.The pleatscanbecome
pinched together, thus reducingthe effective area of the filter. In caseswherehigh
system-transientdifferential pressuresexist,a coarsebackupscreenisusedto supportthe
woven-wire-clothelement.

A goodexampleof aproblemwith filter pressuredropoccurredill developmentof theLEM
ascentengine.A coarsefilter upstreamof the injectorwasfound to beinadequatebecause
fine particlescontainedin thepropellantthat passedthroughtendedto plugtheholesin the
thrust chamberinjector. A fine pleated-wire-meshfilter wasinstalledbetweenthe coarse
filter andthe injector. The new filter, however,causeda newproblem:after a periodof
time, performanceshiftsduringengineoperationwerenoted.Theshiftsin theperformance
werefound to bedueto a changein the resistanceof the filter causedby pressuresurges
that distorted the pleatedelements.A redesignof the elementto eliminatethe pleats
resolvedtheproblem.

2.4.1.6 TESTING

Filters are not acceptance tested with the actual propellants used in engines because of the

difficulties (e.g., facility requirements or safety considerations) in testing with cryogenics or

highly toxic or corrosive propellants. Qualification tests generally are not performed with
actual propellants unless adequate safety precautions can be taken. At present, test fluids

include Freon TF, hydraulic oil, trichloroethylene, water, isopropanol, and denatured

ethanol. During evaluation or performance-demonstration tests, it is essential that the fluid

and contaminants used produce test data that can be related to the system requirements.

2.4.2 Filter Case

The filter case functions as the structural supporting member of the filter element. Space

available, serviceability, pressure drop, fluid compatibility, operating temperature, and

operating pressure -all enter into the filter case design. The size and shape of the case
influence the filter capacity and service life. The minimization of flow restrictions and

abrupt changes in flow direction is an important parameter. The critical area - the smallest
cross-sectional area of the flow passage - must be identified by the designer. All other flow

passages naturally will have a greater area than the critical area. The flow transition from
one chamber to another is made as smooth as practical.

In-line cases with axial-design cylindrical or conical filter elements offer the least resistance

to flow and are lightest in weight. The case may be either permanently assembled by

welding, or it may be capable of disassembly to facilitate cleaning or replacement of the
element. Because filter elements are designed to have a service life commensurate with the
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life of the enginesystem,casedesignsthat permit removalandreplacementof theelement
without actuallybreakinginto the fluid systemareseldomusedin spaceflightapplications.
Interfaceconnectionsdependupon the particularphilosophyin engine-systemplumbing;
they may be either threaded,welded,brazed-union,or flanged.Threadedconnections
(straightthread)arethe leastdesirabletypein that contaminationisgeneratedasthecaseis
installedin the system;pipe threadconnectionsareextremelyundesirableandarerarely
used. Welded connectionsprovide a leaktight system,but are difficult to inspect;
electron-beamweldingor other high-qualityweldingtechniquescommonlyareusedto
achieveleaktight connections.Weldedfilter assembliesare usedwhereverappropriate.
Flangedconnectionsresult in the cleanestsystemassembly,but someexternalleakagemay
occurat the interfaceif thesealis inadequate.

An important considerationin filter-casedesignis to ensurethat the filter elementcannot
beinadvertentlyleft out. Thiscanbeaccomplishedby makingtheelementanintegralpart
of one endof thecaseor by makingtheinstallationsuchthat omissionof thefilter element
resultsin failureto passa testdesignedto detectthat omission.A lessdesirableapproachis
to ensureby visualinspectionthat thefilter elementhasbeeninstalled.
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3. DESIGN CRITERIA and

Recommended Practices

3.1 LINE ASSEMBLY

3.1.1 Routing

3.1.1.1 CENTERLINE GEOMETRY

3.1.1.1.1 Flexible Lines

The centerline geometry of the line shall minimize the number of flexible joints

required to accommodate the design deflections.

Until the development of the SSME, no analytical method existed for achieving this

objective; however, reference 140 presents a method for a three-joint, one-plane system that

gives some insight into the subject. Generally in a multi-leg duct design, one flex joint is

located in each leg for maximum flexibility. See figure 5 for the typical wraparound,

gimbal-plane configuration.

Kinematic design layouts locating the flex joints in their optimum positions are

recommended as the best technique for providing initial inputs into a space-frame program

like that used on the SSME; the program then can be used to "fine-tune" the locations.

Once the joints are located, verify that the loads they create are within the capabilities of

the attached engine or vehicle structure.

3.1.1.1.2 Hard Lines

The centerline geometry of the line shall be such that the line does not impose
excessive strain on attached structure.

Prior to laying out the centerline geometry of a new hardline design, consider the structural

limitations of the components to which the line will be attached. Line installation tolerances

in the engine or vehicle and the loads they would cause the hard line to induce on the

attaching components must be evaluated. The routing of the line then should be such as to

provide required flexibility without producing excessive strains on the attaching structure.
Figure 4 depicts some typical routings that provide installation flexibility. Utilize the

modulus of elasticity and wall thickness of the hardline material to assist in providing

necessary flexibility.
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Wheneverpractical,adjacentlinesshouldbe routed in banksor rows to achievemutual
supportin bracketingandaddto aestheticappeal.

3.1.1.2 DEFLECTION LIMITATION

The routing of ducts shall preclude the requirement for a given flexible joint to

absorb more than one type of deflection (angular, axial, or shear) simultaneously.

Locate the flexible joints in the duct so as to make maximum use of their deflection
capability. Figure 5 gives a practical example for achieving this condition. Locate the centers

of the bel!ows on the gimbal axes, so that the bellows are required only to angulate to
accommodate gimballing; if they are located off-center, both shear and angulation will be

applied.

3.1.1.2.1 Maximum Bellows Joint Deflection

The sum of all deflections simultaneously imposed on a bellows joint shall not

cause bending stresses in excess of those commensurate with the design fatigue
life.

See reference 82 for S-N data on typical bellows materials. When a bellows is subjected to
more than one mode of deflection (e.g., angulation and shear) simultaneously, the sum of

the stresses created by all modes must not exceed the total allowable.

If a particular bellows is subjected to combined motions and attendant stresses that do not
permit the part to meet the design fatigue life, the motions must be reduced or additional

bellows introduced into the system to share the deflections. For example, the duct shown in

figure 8 was required to accommodate a torsional deflection that caused excessive strains in

the axial bellows. To resolve the problem, a special bellows was inserted between the two
axial bellows to absorb only the torsional deflections and thus relieve the torsional strain

imposed on the other bellows.

All the different deflection modes that a bellows can absorb result in the application of the

same type of bending stresses in the crowns and roots of the convolutions. Specific

information on stress calculations corresponding to different types of deflections is

presented in references 141 through 151. Methods given in reference 16 may be used to
convert the various modes into axial equivalents for use in stress calculations.

3.1.1.3 TORSIONAL DEFLECTION

Duct assembly design shall preclude or minimize torsional loading on the ducts.
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Useattachmentflangeswith slottedbolt holesin rocketengineapplicationswherea duct
mustbe closelyconnected,andthereforeshortin length,betweentwo endmountsthat are
rotationallymisalignedasa resultof manufacturingtolerancesandoperationaldeflections.
The slotted holes in the attachmentflangescan in someinstancesaccommodatethe
manufacturingmisalignment.This is, however,not a desirablemethod of absorbing
operationaldeflections,becauseadynamicfluid sealis required.

Dog-legductswith angulatingjoints in eachlegcanabsorbtorsionaldeflectionsby angular
deflection.A recommendedmethodfor makinga short,straightduct torsionallyflexibleis
to incorporatea bellowslimited to torsionaldeflectionandhavinga lowspringrate.Sucha
bellowscanbedesignedto allowa few degreesof motion within tile allowablestressesof
thematerial.A typicalexampleisshownin figure8.

3.1.2 Sizing

3.1.2.1 FLOW AREA

The duct flow area shall be consistent with the systetn pressure loss allowable.

Calculate the line pressure drop, utilizing data from tests on the individual components or

on close-coupled components if typical of the duct design. Select the line inner diameter to

provide the flow area required. Confirm the calculations by pressure-drop/flow tests on

mockup or prototype hardware as soon as the final system configuration is achieved. In

establishing flow velocity, take into consideration the water-hammer effects of sudden

stoppage of the fluid.

3.1.2.2 WALL THICKNESS

The duct, while being of minimum weight, shall withstand all predicted h)ads'.

Make a careful stress analysis of all duct elements in the design phase, qhe methods
described in references 12 and 16 are recommended. Include consideration of the loads

induced by flow effects and mechanical vibration.

To verify the analysis, the ducts should be subjected to adequate proof-pressure tests and

external loading and vibration tests as early in the prototype phase as possible.
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Recommendedtestpracticesareasfollows:

(1) Subject the duct to proof and burst testing. Stress levels of 1.2 to 1.5 times

maximum expected operating levels for proof testing and 2.5 times maximum

operating levels for burst testing are recommended (table IV).

(2) When thermal-gradient tests or tests at operating temperature are inconvenient,

simulate the reduction in material strength at elevated temperature by additional

pressure or loads at ambient temperature.

(3) Perform vibration testing of the duct with the operating fluid flowing at

maximum operating condition whenever possible;this test condition will account

for fluid mass and possible coupling of flow-induced and mechanical vibration.

(4) Perform system start- and shutdown-transient flow tests to simulate fluid pressure

surges (water-hammer effects).

3.1.3 Control of Pressure Drop

3.1.3.1 FLOW-DIRECTION CHANGE

The configuration for a change in flow direction (e.g., a bend or tapoff branch)

shall minimize the pressure loss that accompanies a direction change.

Where routing permits, use bends with R/D values that produce the lowest loss coefficients.

An example of a graph for determining pressure loss in a circular 90 ° elbow is shown in

figure 47 and discussed in reference 8. Friction loss in bend length must be added to bend
loss to obtain total loss.

Flow guide vanes (fig. 9) are recommended for reducing losses in short-radius bends. The

selection of the final configuration requires a tradeoff between flow efficiency and

producibility. Analyze vane flutter to ensure that no vibration during operation is induced

by system fluid oscillations.

Pressure loss in tapoff branches can be minimized by aligning the tapoffs toward oncoming

flow (fig. 48(a)) rather than at a right angle to the flow (fig. 48(b)). The low-loss

configuration results in a structurally less desirable joint, the effects of which must be

traded off against the pressure gain.
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Figure 47. - Graph for determining pressure loss in a circular 90 ° elbow.

FLOW. FLOW

(8) LOW PRESSURE LOSS (b) HIGH PRESSURE LOSS

Figure 48. - Pressure loss in a tapoff branch related to configuration of the branch.

3.1.3.2 FLOW-AREA CHANGE

The configuration for a change in flow area shall minimize system pressure drop

that accompanies an area change.

Use smooth, gradual area transitions, particularly in entrances to lines or in contracting

sections where rounding of intersecting edges can improve flow efficiency. Expansions

should have a gradual taper (total included angle of 10°)" pressure recovery depends on the
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lengthof divergence available, but even short lengths of divergent section are beneficial.

Consult reference 22 for some guidelines in diffuser design.

3.1.3.3 FLOW DISTRIBUTION

Propellant flow into and out of a system component shall be evenly distributed.

When engine-vehicle interfaces do not permit a straight-in approach for the inlets, direct the

flow into the component through vaned elbows (fig. 10). Velocity profile downstream of

the elbows is kept flat through the turning vanes, so that the desired inlet condition for best

pump performance is achieved. Other devices that should be used when necessary to

improve flow distribution include the egg-crate straightener (fig. 11) and the flow splitter

(fig. 12).

Potential problems with thermal-expansion loads due to flow straighteners can be minimized

by design. The configuration in figure 49 is recommended for minimizing thermal-expansion

loads to the wall of the duct.
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_lm LOADS ,_

ter bein9

torqued to desired vane clamping force

SLOTTED "HOLES
IN VANE

l _ NOMINAL
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Figure 49. - Recommended flow-straightener design for relieving thermal-expansion loads on a duct wall,
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3.1.3.4 FLOW RESISTANCE

The duct inner surface shall offer minimum resistance to flow.

Grind or polish rough wall surfaces of castings and remove weld protrusions where a

reasonable or desirable improvement in flow efficiency will result. A tradeoff of the cost of

reducing flow losses versus increased efficiency of the engine should be made for

high-performance systems.

Hydrodynamicists should be consulted in the design phase of internal-tie linkages for advice

on streamlining the structure so as to minimize energy losses. In the case of low-pressure

ducts (e.g., the inlets of pumps) where the vapor pressure of the fluid may be near the static

pressure, the hydrodynamicist should also analyze the design for possible cavitation that

could affect the pump performance or cause mechanical damage with cavitation-bubble

collapse.

3.1.4 Control of Pump-Inlet-Line Vibration

The dynamic response characteristics of the engine pump inlet lines shall not
contribute to a regenerative feedback interaction between the propulsion system
and vehicle structure.

The interaction of the vibrational characteristics of a liquid rocket engine and the vehicle in

which it is installed should be analyzed in the design phase for possible Pogo effects. Utilize

the technology developed on this subject (refs. 152 through 155) in conducting a dynamics

analysis of the excitation and response interrelationship of engine and vehicle. Modify the

inlet-line configuration as necessary to preclude or damp instabilities; examples of successful

designs are shown in figures 13, 14, and 15.

3.1.5 Components

3.1.5.1 SEPARABLE CONNECTORS

The flanged joints of the ducts shall not be subject to static-seal leakage under

operation conditions.

Provide seal integrity of the flanged joint by designing the flange to be rigid enough to

prevent seal-unseating rotation under operational pressures and loads. The bolt-circle

diameter should be as small as practicable; utilize small bolts closely spaced rather than a

few large ones. A recommended design for static-seal flanged joint is shown in figure 50.
Consult reference 29 for additional information on the design of static-seal joints.
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/---Contact here helps prevent

f!enge rotation

/ __ / _ Sleeve on inside of seal groove acts

DUCT / aS a thermal dam on hot ducts and a|so

_/ALL / _;e_entoSdPtSs_ble ',utter of sea, under

PRESSURE-ASSISTED

STATIC SEAL

Figure 50. - Recommended design for a flanged joint.

3.1.5.2 MANIFOLDS

3.1.5.2.1 Flow Distribution

The manifold shall distribute flow evenly with minimum energy loss.

Recommended practice is to design the cross section of the flow passage in relation to the

desired distribution of flow using contours that produce a minimum of pressure energy loss
in the working fluid. Use the empirical and analytical data in references 30 through 32 to
assist in these calculations.

3.1.5.2.2 Structural Adequacy

The manifold shall be structurally adequate for the mechanical and dynamic loads

applied during operation.

Because of the intricacies of their flow passages, manifolds often do not permit application

of the best structural design and fabrication techniques. The classic pressure-carrying shapes

such as spheres or cylinders many times must be compromised into partial spheres or

cylinders intersecting with other shapes in order to achieve the fluid-flow design goal of the
manifold. When necessary, reinforce the pressure-carrying chambers with internal tension-tie

splitters or external ribs to make them structurally acceptable.
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The complexity of tile intersectingstructureat branchpoints canbe analyzedby the
finite-elementor NASTRANcomputermethodsto determinestressesor deflections.An
alternatemethodis to combinesimplifiedanalysesandexperimentalresults.In eithercase,
anynewdesignshouldbesubjectto design-verificationtesting.

3.1.5.2.3 Cleanability

The manifold design shall allow Jbr cleaning and cleanliness inspection.

Design the manifold such that all inside surfaces (1) can be reached with deburring tools and

cleaning materials and (2) are accessible for visual inspection to verify cleanliness. Use a

combination of lights, dental mirrors, and fibre-optic instruments for inspection when

necessary. Avoid angled passageways and blind holes in design.

Pockets where fluids could be entrapped should drain freely by gravity, although it may be

necessary to rotate the part and stop in several attitudes to assure complete drainage. Use

halogen sniff detectors to determine the presence of any residual cleaning fluids containing
halogens as a final acceptance test.

3.1.5.3 BRACKETS, BOSSES, AND MOUNTING LUGS

Brackets, bosses, and mounting lugs attached to the duct wall shall withstand

service loads without cracking or distorting.

Design the attachment to provide a smooth wall-thickness transition from the duct to the

attachment. Avoid fillet-welded or resistance-welded sandwich or doubler-type attachments,

including identification attachments. Use butt-welded construction where possible to (1)

avoid stress concentrations and traps for cleaning residuals and (2) allow complete

radiographic inspection capability. Figure 51 illustrates both recommended and
unacceptable design practices.

Weld-on attachments should be located on line assemblies in areas that are free of applied or

induced stresses due to pressure loads, flex-joint-linkage reactions, vibratory loads, or
thermal strains.

3.1.5.4 INSULATION

3.1.5.4.1 Thermal Resistivity

Insulation s/tall provide an adequate barrier to
carrying cryogenic fluids.

the flow of heat into lines
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CIRCUMFERENTIAL A

BUTT WELD _ /7

(TYP.)--_ .¢j_--/--/_UCT

COMPLETE RING WITH

FITTING USED ON

LARGE THIN-WALL

DUCTS

RESlSTANCE WELDS

BPJ_CKET

-DUCTWALL

stress concentrat ion g

RECOMMENDED UNACCEPTABLE

(a) Bracket construction

nTu ./-- HAT-SHAPED

SMO_I_ESS _THREADED BOSS

TRANSITION--"_ F,_fA /--FITTING

__CT WALL

INSPECTABLE WELD (TYP.)

RECOMMENDED

(b) Boss construction

THREADED BOSS

_\\\\\\_I___I_._\DUCT WALL

_CTS AS

RESIDUE TRAP AND WELD

STRESS CONCENTRATION

UNACCEPTABLE

/_..._LUG

DUCT _ H

WALL J T L j-_

C I RC U_

t/'-LUG F
DUCT ( ,_ _ F-

WALL--, _--_J_ --'_

STRESS CONCENTRATIONS WITH

INCOMPLETE WELD PENETRATION

F I LLET

7
J

RECOMMENDED UNACCEPTABLE

(c) ,Lu 9 Construction

Figure 51. - Recommended and unacceptable designs for bracket, boss, and mounting-lug attachments.
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Double-wallvacuumjacketing,either pumpeddown or cryopumped,is recommendedfor
engineandvehicleuse.Goodexamplesof designsfor standoffs,evacuationvalves,andburst
disksin vacuumlinesarepresentedin reference36.

3.1.5.4.2 Leak Tightness of Vacuum Jackets

Vacuum jackets shall not leak beyond acceptable limits.

Use all-welded construction to provide the most nearly leaktight jacket. Leak test all welds

simultaneously through a single port with a mass spectrometer leak detector prior to closing
the port with a radiographically inspectable weld (fig. 52).

OUCT CLJ __

iNNER CARRIER (all welded)

_:!!_!!!!le!!_L?:'_ G IICGUUbl JACKET (.], we,ded)

Figure 52. - Recommended construction of vacuum-jacketed closeoff port.

3.1.5.5 HOT-TO-COLD DUCT INTERSECTION

Manifolds carrying cryogenic jluids through walls of ducts carrying high-velocity
hot gases shall withstand thermal loads without leaking.

Recommended practice, as shown in figure 53, is to provide a long conduction path to the
cold member through a stagnant hot-gas pocket inside the flared portion of the duct wall;
this design also gives flexibility between the hot and cold members and the flared duct wall

in order to distribute the differential thermal motions of the members. All welds should be

inspectable radiographically.

(The particular design shown was used on the oxidizer heat exchanger of the J-2 engine,

which vaporizes LOX for use in pressurizing the main oxidizer propellant tank of the
vehicle. The heating fluid is turbine exhaust gas.)
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LOX IN

]_ ' THICK COLD HEHBER

INSPECTABLE LONG CONDUCTION PATH

RADIOGRAPHICALLYHIGH.VELOCITY_ _COLD HEHBERHOT EXHAUST GAS HOT-GAS DUCT WALL

HEAT EXCHANGER TUBES

Figure 53. - Recommendeddesign for hot-to-coldintersection of a manifold and duct.

3.1.5.6 ELBOWS

Cycfically stressed elbows shall not be subfect to in-service fatigue cracking.

Because of the sometimes unique geometries, thhl walls with respect to diameters, and tight

bend radii in aerospace ducting elbows, large concentrations of bending stress can develop.
Reference 37 is recommended for guidelines useful to designers and stress analysts in giving

proper consideration to stress intensifications and thereby precluding fatigue cracking.

3.1.5.7 HANDLING-PROTECTION DEVICES

3.1,5.7,1 Critical Surfaces

A handling-protection device shall protect critical surfaces of the duct assembly

(e.g., static seal interfaces and bellows convolutions) against handling damage

during all fabrication and shipping operations.

The covers should provide protection against damage and also prevent contamination from

entering the duct. The covers themselves should not be a source of contamination. Half-shell

bellows covers as depicted in figure 19 are recommended.

3.1.5.7.20verdeflection

A handling-protection device shall protect against bellows damage

overdeflection during all fabrication and handling operations.

due to
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Use strongbackfixtures to prevent overangulation(and attendantfatigue damage)on
low-spring-ratebellowsjoints duringhandlingandshipment.Thesefixturesclamparound
the flexible joint and preventmovement.A recommended type of strongback fixture is
shown in figure 19.

3.1.5.7.3 Removal Safeguards

Safeguards on the handling-protection devices shall ensure removal of the devices

before flight.

Design the component or subcomponent protection device so that the part cannot be
installed or assembled into the next assembly without removal of the device. In final

installations or assemblies, as on a vehicle ready for launch, protective devices still required

at that point should have adequate red warning flags and checkout instructions to ensure

removal before flight.

3.1.6 Materials

3.1.6.1 CHEMICAL COMPATIBILITY

The materials selected for a line shall be compatible with the system fluid and the
external environment under all conditions of storage and service life.

Consider the following in evaluating line material/fluid compatibility:

• Effect of material on fluid decomposition rate

• Susceptibility of material to impact ignition in presence of oxidizers

• Corrosion rate of the material in the fluid

• Consumption of material by chemical reaction with the fluid

• Crack initiation and crack growth in the material as influenced by the fluid.

The effect of all cleaning solvents or processing fluids used in fabrication sequence (e.g.,

corrosion, surface residuals) should be reviewed and evaluated.

Prepare a list of suitable alloys for the fluid system in which the line is to be used. Use the

best available fluid-compatibility data (ref. 156) on the many possible alloys, together with
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the list of recommendedalloysfor typical fluid systemspresentedin tableVI. Coating and

plating for protection and compatibility are impractical and are not recommended.

Do not use the following alloys in the standard heat-treat conditions cited, because of

material susceptibility to stress corrosion: 2014 T4, T6; 2024 T3, T4, T351; PH 15-7Mo
RH950, TH1050; 17-7PH Ann, H900; 17-4PH RH950, TH1050; AM350 SCT850;
AM355 SCT850.

Corrosion-resistant steels such as 321 CRES are susceptible to pitting corrosion if tile metal

surface becomes dirty (passivity locally impaired). Ensure that all processing results in a

clean part.

Verify that the line material is not sensitive to ignition by impact in the presence of oxidizer

propellants. A case in point is titanium, which should not be used in oxygen systems

because impact will cause explosive oxidation. The procedure outlined in reference 157
should be used as an acceptance-test criterion for any material under consideration.

The line material should not be susceptible to embrittlement or enhanced crack initiation

and growth by environmental fluids. For example, titanium alloys should not be used in

hydrogen systems operating above -100°F. Consult references 158 and 159 for reduction of

tensile properties of nickel-base alloys in hydrogen. See section 3.1.6.1.1 below.

The line material should not catalytically decompose the fluid being transported. For

example, do not use molybdenum, iron, copper, or silver with the hydrazine propellants

(N 2 H4 , A-50, or MMH), because violent decomposition of the propellant can result. Do not
use alloys of these elements without verifying safety through compatibility-test data.

The line material should be compatible with propellants involved and their decomposition

products. By way of illustration, moisture in a N 2 04 system can possibly form nitric acid.
Alloys for this system therefore must be resistant to nitric acid ; stainless steel and aluminum

alloys therefore are suitable for use with N z 04 .

All materials should be of sufficient thickness to resist complete penetration by corrosion.

Although thinner materials are in use, thicknesses under 0.010 in. for convoluted details

should be avoided. Use nickel-base alloys in those applications where design requirements
dictate wall thicknessess under 0.010 in.

3.1.6.1.1 Hydrogen-Environment Embrittlement

Ducting and filter materials, when necessary, shall withstand the harmful effects

of a high-pressure gaseous-hydrogen environment.
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Any material considered for ducting or filter use with hydrogen should be evaluated for

susceptibility to hydrogen embrittlement by performing specimen tests in the appropriate
environment (refs. 39, 40, 41, and 160). Smooth and notched tensile tests, smooth

strain-controlled low-cycle fatigue tests, and sustained-load and low-cycle fatigue tests with

precracked fracture-mechanics specimens- all should be accomplished if a material is

expected to show any significant degree of hydrogen embrittlement (ref. 161).

If it becomes necessary to use a material sensitive to hydrogen embrittlement, the strain

level should be kept below an acceptable limit or the surface exposed to hydrogen should be

protected with a liner material or plating impervious to hydrogen.

3.1.6.2 PHYSICAL AND MECHANICAL PROPERTIES

The physical and mechanical properties of the line material shall be suitable for

the functional requirements of the line and conditions of use.

Select the alloy that will meet the material requirements and will produce the lowest cost

fine. For the commonly used alloys, use data on physical and mechanical properties,

forming limits, and relative line cost as shown in table III.

3.1.6.3 FORMABILITY

The formability of the line material shall permit bending the line to the required

path or stretching to the required convolution forms.

Use only high-ductility alloys in convoluted details. Recommended ductile materials are 321

CRES, Hastelloy C, and Inconel 718, which are also excellent materials for tubular elements
of line assemblies. Heat-treatable alloys must be formed in an annealed condition.

3.1.6.4 WELDABILITY

Weldability of line material shall be adequate to permit bellows, end flanges,

brackets, and bosses to be attached to the tubing by weMing.

If a bellows is to be attached to the line by welding, use similar materials in the

bellows-to-line joint; i.e., titanium-alloy bellows with a titanium-alloy line, and a nickel-base

or steel-alloy bellows with a nickel-base or steel-alloy line.

Materials can be dissimilar but must be sufficiently compatible with flanges, brackets, and

bosses to provide weld integrity and required strength. Consult reference 162 for

information pertinent to weldability of commonly used dissimilar alloys and recommended
f'filer materials.
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3.1.6.5 LUBRICANTS

Lubricants used on line, bellows, or hose assemblies shall not impair the

assembly's corrosion resistance.

Use of molybdenum disulfide dry-film lubricant coatings on bearing surfaces of

nickel-base-alloy assemblies is recommended; however, care should be exercised in use of
this lubricant with corrosion-resistant steels. Corrosion test data such as those obtained in

salt-spray testing should be reviewed for the particular metal/lubricant combination ttnder

consideration before specifying a lubricant.

3.1.7 Testing

3.1.7.1 TEST REQUIREMENTS

Test requirements for lines, bellows, and hose shall reflect the effect of all

operational loads on the functional requirements of the part over its intended
service life.

Operational loads considered should include those created by pressure, temperature, flow,
vibration, mechanical application by other attaching components, or combinations thereof.

Table VII lists test requirements, their applicability, and recommended practice.

When practical and economical, individual tests may be combined and performed

simultaneously to simulate more closely actual engine or vehicle operati_g conditions. For

example, tests on mechanical vibration and flow-induced vibration could be done at the
same time.

3.1.7.1.1 Qualification Testing

Qualification testing shall verify structural integrity, operability, and functionality
of a new line design under all conditions to which the part will be subjected

during its service life.

Recommended practices for qualification testing are summarized in table VII. Specific

aspects of particular importance are treated in the subsections below.
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3. 1.7.1.1.1 ttydrostatic Proof Test

The hydrostatic proof-pressure test shall veri/), the pressure-carrying capability of
a lute, bellows, or hose; the test fluid shall not promote corrosion of material.

Proof-pressure test certification should be performed on every piece in a production lot.
Distilled or de-ionized water is recommended as a noncorrosive test fluid, since there is

evidence that tap water can promote corrosion. The part should be thoroughly dried after

exposure to water and prior to the gaseous leak test, since water can seal up tiny pin holes

or crevices by surface-tension effect. After proof-pressure test, inspect all parts for
adherence to drawing dimensional requirements. Each bellows should be examined for

evidence of deformation that might reduce the critical spacing between convolutions. For

hardware that operates at elevated temperature, the acceptance proof-pressure test can be

performed at room temperature with the test pressure level increased to compensate for the

change in material properties at the elevated temperature. This practice is simpler and less

expensive than performing the test at elevated temperature.

In the case of alloys such as 321 CRES, whose strength and modulus vary differently with

temperature, care should be taken not to specify a room-temperature test at a pressure that
could be in excess of the bellows critical buckling pressure. Since, for this particular type of

alloy, elastic modulus decreases at a rate greater than the rate of decrease in yield or

ultimate strength, the part could buckle, because buckling pressure is a direct function of
modulus.

3.1.7.1.1.2 Leak Tests

Leak tests shall accurately measure leakage rates and shall not affect line, bellows,
or hose material.

The gas-pressurized, submerged-in-water test is recommended as the most economical,

practical, and accurate leak-test method. For safety, the test should be conducted in a

location remote from personnel (ref. 68).

A helium mass-spectrometer leak detector test is recommended for verifying leak tightness

in vacuum-jacketed lines.

The use of soap or detergent solution as an alternate to either the immersion or MSLD tests
is not recommended because these materials may cause stress corrosion in many aerospace

alloys. A solution described in reference 67 has been found acceptable and is recommended.
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3.1.7.1.1.3 End-Use Simulation

The conditions for qualification testing oj" lines, bellows, or flexible hoses shall

simulate end-use conditions as ch)sely as possible.

Within budget and practical limitations, tile qualification test setup should include all of the
end-use influences. All next-assembly or installation attaching hardware that could affect

the test component should be included.

When the component must operate in a vacuum environment, the tests should be performed

under space-simulated vacuum conditions. In particular, the flow-fatigue testing of

cryogenic lines should be performed under vacuum conditions to preclude repetition of the
Saturn AS 502 flex-line failure (ref. 163).

3.1.7.1.1.3.1 Flo w- Vibration Testing

Flow testing of lines, bellows, or flex hoses shall determine their response to

flow-induced vibration and ability to withstand the attendaJzt h)ads under

worst-case operational conditions.

Because of the complexity of the phenomenon of flow-induced vibration, conduct all

flow-resonance search-and-dwell tests (refs. 90 and 99) with the actual end-use fluid at

operational flowrate, temperature, and pressure conditions and in the operational external
environment. In cases where the line or hose may be exposed to more than one fluid in its

operational lifetime, test with each of these fluids.

3.1.7.1.2 Sample Testing

The sampling test program shall _erij)' consistency of qualit)' of production units.

The frequency of sampling should be based on a quality-assurance statistical analysis,

although the relatively small number of parts in a typical aerospace production contract

may require that the requirements of statistical-analysis theory be tempered with

engineering judgement.

3.1.7.1.2.1 Fatigue Test at Tempera ture

Bellows or flexible-hose flexural endurance tests shall provide an

indication ofactual fi"igue life at operatitzg temperatures.

accurate
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As an economymeasure,comparativeflexural endurancetests can be performedon
pre-productionbellowsor hoseat roomtemperatureandoperatingtemperatureto form a
basisfor expectedfatiguelife. Production-lotsampleteststhencanbeperformedunderthe
lesscomplicatedroom-temperatureconditions.Keepin mind,of course,that fatiguelife is
reducedat elevatedtemperatureandincreasedat low temperature.

3.1.7.1.3 Acceptance Testing

A cceptalzce testing of every production part shall verify conformance to the basic

req uiremen ts of the engineering procuremen t document.

The implementation of acceptance-test requirements should ensure that the program is

carried out in the most efficient manner. For example, hardware made by a subcontractor

should be acceptance tested at the source; tests should not be repeated after receipt of the

hardware unless obvious handling damage has occurred in shipping. Records should be kept

of all tests performed as proof of their completion and for possible analysis later in the

event of a production or service problem.

3.1.7.1.3.1 Flow-Passage Clearance

For line assemblies in which pressure drop is critical, tests shall verify the line

free-flow area o17 each assembly.

A recommended excellent, low-cost test for verifying line flow area is the ball test, in which

a metal ball with an OD slightly smaller than the ID of the line at maximum permissible

weld dropthrough is required to pass completely through a line assembly.

3.1.7.2 TEST INSTRUMENTATION

3.1.7.2.1 Standard Practices

Pressure, temperature, arm flowrate measurements shall be of acceptable
accuracy.

The standard practices outlined by the lnteragency Chemical Rocket Propulsion Group in
reference 69 are recommended.

3.1.7.2.2 Special Vibration Instrumentation

Test instrumentation shall accurately measure response of a line, bellows, or hose
assembly to flow-induced vibration in flow tests'.
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A recommended practice for instrumenting braided flexible hoses is to cement miniature

accelerometers to the braid ring collar of each flexible section, as shown in figure 54. One

part Epibond 121 cement combined with two parts Lithafrax tiller is capable of
withstanding thermal effects of liquid hydrogen (-423°F) and the effects of

high-frequency, high-g accelerations. Mount one accelerometer to measure lateral motion

and the other, perpendicular to it, to measure axial motion. Vibration measurements made

simultaneously on the same flexible section with both strain gages ol1 convolutions and
collar-mounted accelerometers indicate good correlation.

For free (not covered with braid) bellows, strain gages measuring bending strains in the
convolution crowns are recommended as vibration detectors.

LATERAL _ ACCELEROMETER

MOTION _ ._/--_FLEXIBLE SECTION
(EMENT

AXIAL M _ _BRAID RING COLLAR

Figure 54. - Recommended technique for mounting vibration-measurement instrumentation

on braided flexible hose.

3.2 BELLOWS JOINT

3.2.1 Bellows

3.2.1.1 PRESSURE CAPABILITY

The bellows shall withstand the design proof pressure without permanent

distortion that could affect its abi#O' to meet other perfotvnalzce requirements

and shall withstand burst pressure without leakage or rul_ture,
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Usestressequationsbasedoll elasticproperties,andcorrelatetestdataoll that basis.The
bellowsshouldnot yieldunderproofpressureto thepoint wherechangesin theconvolution
shapecouldaffect springrateandfatiguelife. Designbellowsin the plasticrangewhenlow
spring rates and low weightsare required within limited fatigue-lifeallowances.See
reference16for equationsdefiningbellowsdesigns.

3.2.1.2 FATIGUE LIFE

The bellows .fatigue life shall be adequate for its anticipated duty cycle plus an

acceptable margin.

Estimate the deflection duty-cycle requirement of a new design, and limit working stresses

to values that will produce the desired fatigue life as indicated from the S-N curve. Bellows

fatigue data are available (in the form of S-N curves) for the most frequently used bellows

materials (refs. 46 and 82). Miner's rule (ref. 164) can be used to sum the fatigue damage

imposed by various deflections (end-point motions) expected in the duty cycle. If the design

is still considered marginal after this analysis, prototype flexural-endurance testing should be

performed. Materials with fatigue strengths higher than that of 321 CRES (e.g., the
nickel-base alloys) offer some additional fatigue-life margin.

The above practices are applicable to the large deflections induced by thermal differential

effects, thrust vector control gimballing, and installation misalignment, i.e., deflections

producing what is generally known as low-cycle fatigue. The bellows deflections caused by
mechanical or flow vibration are low-amplitude, high-frequency in nature, and the fatigue

damage they create falls into the high-cycle fatigue category. The reduction in fatigue life
caused by this high-lYequency motion must be analyzed separately from that treated in the

low-cycle analysis. It is desirable to keep all high-frequency deflection stresses below the

endurance limit of the material. High-cycle-fatigue S-N curves for the materials most often
used in bellows are available in reference 165.

3.2.1.2.1 Vibration Susceptibility

The bellows shall not be susceptible to harmful vibration.

Review the bellows design carefully to identify all possible modes and natural frequencies in

which the bellows can vibrate. Analyze the operational environment to identify all possible

sources of vibratory forces and their magnitudes and frequencies. To ensure that the bellows

will not be overstressed, deternfine the response (deflections) of the bellows to these forces

and compare them with those allowable.
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References20 and83through91containinformationon techniquesfor calculatingbellows
natural frequency.Techniquesfor calculatingflow-inducedvibrationexcitationandbellows
responseareoutlinedstepby stepin reference90.

3.2.1.2.2 Flow-Induced Vibration

Bellows stresses caused by flow-induced vibration forces shall be below the jatigue

limit of the bellows material.

Size the bellows (bellows ID has the strongest influence) to ensure that flow-induced stresses

do not exceed the minimum fatigue-limit stress for the material. The number of applied

stress cycles in service cannot be predicted, because the time spent at each of the high

frequencies involved is not predictable. Several hundred thousand cycles can be accumulated
in only a few seconds of operation; therefore, flow-induced stresses should be kept below

the endurance limit of the material. (Note: This condition is in contrast to end-point motion

stresses, which are deliberately high to take advantage of predictable cyclic life.)

The effect of acoustic loading should also be taken into account; use the methods outlined
in references 85 and 89.

3.2.1.2.3 Mechanically Induced Vibration

A bellows shall be capable of withstanding all mechanical vibration Jbrces

encountered #t operation.

Design the bellows initially to avoid matching the bellows natural frequencies with known

frequency inputs. The mechanical inputs from attaching structure are difficult to predict;
nevertheless, on the basis of previous experience with similar hardware configurations and

with use of the best-known analytical techniques, an estimate of these inputs should be

made in the design phase. Accelerometer measurements then should be made early in the

engine development program to fully map the vibration environment of the bellows for

correlation with the design analysis. Some redesign and retesting may be indicated by the
vibration measurements.

3.2.1.3 BUCKLING STABILITY

The bellows or flexible line assembly shall be stable' in buckling.

Recommended practice is to apply proof pressure to the part while it is restrained in the

maximum operational deflection and length position.
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Whenspacelimitationsrequirethe useof the double-bellowsspoolpiececonfigurationand
bellowswith live lengthsthat exceedtheir diameters,useexternalsleevesor scissors-like
linkagesto control buckling.External sleevesas shownin figure55 canbe usedasan
antibucklingstabilizeronadouble--bellowsspoolpiecearrangement:at leastthreetie barsare
required.On a compression-typebellows,scissors-likelinkages(figs. 6 and 20(b)) tying
acrossthe bellowscanbeusedto stabilizethe centerring.Thisdesignin effectreducesthe
effectivebuckling live lengthof the overallbellowslengthby half, sincethe centerring
cannotmove transverseto the duct centerlinewhenend flangesare fixed. Theduct can
absorbaxial,angular,offset,andtorsionalmotions.

F AXIAL TIE

_^_ z .... _ ]g----SPHERICALALLO_¢ INTERFACE TOANGULATIONKUU_j ni_.)
/

.... ---- --_ DUCT

BELL

_oREAC_ I ! I I S_OOL_,ECE
PRESSURE _ _ CYLINDRICAL SLEEVE (TYP.)
SEPARATING --_

LOAD --

Figure 55. - Recommended vibration damper and antibuckling device for double-bellows

spoolpiece arrangement.

3.2.1.4 CORROSION RESISTANCE

771e bellows shall be resistant to all internal and external corrosive environments.

Recommended materials for bellows are nickel-base alloys such as Inconel 7 18, Inconel 625,

and Hastelloy C. No corrosion problems have yet been encountered in bellows applications
involving these materials. They are inherently much more corrosion resistant than 321

CRES and perform well in cryogenic and high-temperature service. Entrapment of cleaning

fluid contaminants can cause corrosion: however, these fluids can be detected by utilizing a

halogen sniff tester after completion of the cleaning cycle.

3.2.1.5 MANUFACTURING

The bellows fabrication shall inJ,oh,e only proved manufacturing techniques and
forming limits.

Before fornling the bellows, planish longitudinal welds in the tube to reduce the notch

eff_-ct and improve the structure at the crowns by eliminating stress concentrations in the
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weldarea.Tubesmaybeannealedafterplanishingto reducetheresidualstressesinducedby
thecoldworkingof thematerial.

Uniform circumferentialspacingof longitudinalweldsshouldbe specifiedfor individual
tubesof multi-plybellowsin orderto distributestressesin weldsat crownsduringforming.
Spiralingof theseweldsis recommendedto preventthefull weldlengthfrom takingall the
bendingstressesat onetime.

Bellowsdesignsare limited by how severelythe materialcanbeworkedduringforming.
Geometriclimits for general use in bellows design have been determined (ref. 2). The

following geometric limits are recommended for bellows up to three plies:

OD
Maximum: ID 1.35

Maximum :
R CODV

- 2.0 (for straight-side-wall convolutions)

where

Reonv = radius of convolutions, in.

t = wall thickness, in.

3.2.1.5.1 Interply Lubricants

Lubricants used to facilitate the assernbly of multi-ply bellows shall not adversely

affect the service life of the bellows.

Ensure that any lubricant used on a part is chemically compatible with the propellant to be

contacted. Compatibility is particularly ilnportant if the propellant is LOX. The lubricant

must be nonvolatile at operating temperatures.

In general, avoid the use of lubricants. If one must be used, solid dry-film lubricant (e.g.,
molybdenum disulfide) is recommended. If other types are used, provide vent holes and

bake the bellows _ssembly to remove the lubricant. After baking, make a second
circumferential weld inboard of the vent holes: then trim the bellows neck to eliminate the

hole area.

3.2.1.5.2 Weld Necks

Doublers on bellows necks shall not create stress raisers in bellows convolutions.
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A straight bellows doubler should end at least one convolutionradiusfrom the end
convolution(fig. 56(a)).A doublercontouredto fit snuglyagainsttheendconvolution(fig.
56(b)) alsois an acceptabledesign;however,the end convolutionispartially inactivated,
andincreasedstrainthusisappliedto theremainingconvolutions.

ONE

•_ _ CONVOLUTION

| I,,,_'_ RAD I US

(a) STRAIGHT DOUBLER (b) CONTOURED DOUBLER

Figure 56. - Recommended configurations for bellows weld-neck doubler.

In instances where the bellows and line are made of different materials and one is heat

treated, a short collar made of the non-heat-treated material should be welded to the

heat-treated part prior to heat treatment. The bellows-to-line joint can then be made with
common materials, the optimum weld-rod material being used.

Brazing is not recommended for pressure-carrying joints, because a brazed joint has
relatively low strength and it is difficult to ensure good braze quality. There have been

exceptions, however, dictated by manufacturing capability.

3.2.2 Bellows Restraint

3.2.2.1 MECHANICAL LINKAGES

3.2.2.1.1 Restraint Capability

The linkage shall be capable of restrainbzg the pressure separating load of the

bellows and preventing unacceptable axial elongation.

For most applications, use a gimbal ring, internal or external (fig. 24) as the needs dictate.

Weight is a factor in most aerospace applications; therefore, high-strength materials should
be used. Inconel 718, a nickel-base alloy, is recommended for both cryogenic and

high-temperature applications. For an external gimbal ring, the diameter of the ring should

be kept as close to the bellows OD as possible to minimize bending moments in the ring.
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3.2.2.1.2 Load-Deflection Capability

The linkage shall be capable of permitting the design deflection of the bellows

while restraining against pressure separating load and other external loads applied
to the duct.

Ensure in the design layout phase that no linkage binding can occur under the maximum

accumulation of manufacturing tolerances within the maximum specified deflection of the

joint or duct. In complex linkages, a wooden or aluminum mockup is recommended as a

physical check before committing expensive hardware in the shop.

3.2.2.1.3 Excursion-Limiting Stops

Excursion-limiting stops on the linkage shall prevelzt overdeJlection and possible

damage to the bellows.

Use limiting stops machined integrally with the bellows linkage. Adjustable stops are not

recommended because of the possibility of error in adjustment. Verify by test that the stops

prevent overdeflection.

3.2.2.1.4 Articulating Friction

The linkage bearing friction shall be a minimum consistent with the system loads

limitations.

Use journal-type bearings in the pin joints of hinge and gimbal linkages. Metal-on-metal

bearings may be used or, if a lower friction coefficient is desired, solid dry-fihn lubricant

(molybdenum disulfide) may be applied to both journal and pin surfaces. Bearing pressures

of 20 000 to 30 000 psi have been successfully accommodated with dry lubricant. When the

bearings are in the flow path, care should be exercised to use only lubricants chemically

compatible with the environmental fluids, particularly in oxidizer service.

In some applications it may be necessary to use antifriction bearings, as in the case of the

ball joint (fig. 26), when the turning radius of the bearing is large and would require an

excessive rotating moment if plain bearing surfaces were used.

3.2.2.1.5 Bending Moment

The spring rate of a flexible-]oint assembly shall be consistent with the structural

capabilities of the flex-/oint and duct next-assembly mounting points and, in the

ease of gimballing duets, with the actuator jbrces available.
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The moment required to deflect a flex joint assembly angularly must overcome the inherent

spring rate of the metal bellows, the friction between plies (if the bellows is multi-ply), the

friction in the bearings of the linkage, and a bellows-straightening-mornent geometric effect.

Reference 166 presents a method for calculating the bending moment of a flex joint taking

all of these factors into account. A computer program for making tile calculations is

included in the reference.

3.2.2.1.6 Centering of Pivot Point

The pivot point of tile restraining mechanism shah ensure full deflection

utilization of the bellows and thereby lowest bending stress.,

The live length of the bellows should be carefully centered on the pivot point of the

restraining mechanism. This centering is especially important in the case of the internal

chain-link restraint, where the pivot point can be in one of two different locations, one link

diameter apart, the location depending on the plane in which angulation is taking place.

Figure 57 shows the recommended design, which was used in the turbine-exhaust system of

the H-l, J-2, and Phoebus systems. References 25 and 26 present data concerning pressure

losses in this particular type of bellows restraint.

OPTIgd,IM LOCATION

OF LIVE-LENGTH CENTER _j F P_VOTA;_I_T FpOAIRERAHGULATION

SEPARATING _ _]_/'--PIVOT POINT FOR ANGULATION

LOgO _ ] A "/ ..t.'TOP_.A.E0_PAPER

Figure 57. - Recommended design for centering bellows live length in chain-link restraint•

If the fatigue life is sensitive to variations in pivot point (as in the example in section

2.2.2.1 ), a ball bearing should be installed between the links to offset the inherent effect of

change in pivot-point location with links alone. A recommended design, used on the Titan I1

and III booster and sustainer engines, is shown in figure 58.

____,? -- DUCT

• / / [[nrt_tIHtS 0r _t_
PIVOT (Optimum location

of live-length center

.q_ along duct )

Figure 58. - Recommended ball-bearing installation to offset effect of change in pivot-point location.
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3.2.2.1.7 Load Distribution

The bellows restraint shall distribute the pressure separating load evenly to

adjacent flanged joints or primary components (e.g., pump inlets and valves) when

those components are load limited.

Normally, when a length of hard line _> 2 DO is adjacent to a flexible joint, the concentrated
loads are evenly distributed over the circumference of the hard line and thus do not

represent a problem.

In closely coupled ducts where the flexible joints are located very near to the

end-connecting bolted flanges of the duct, the external-ball-joint type of restraint is

recommended for distributing the load within a short length of duct. This design, shown in

figure 26, may use plain spherical bearings or ball bearings if low bending moment is a
requirement.

3.2.2.2 THRUST-COMPENSATING LINKAGES

Straight sections of ducting that require large axial travel in a tension-type system
shall not produce pressure separating loads on the attached structure.

Use a thrust-compensating joint to compensate for volume changes without creating a

pressure separating load on the attached structure. There are many different concepts for

the thrust-compensating design. Figures 31,32, and 33 show three acceptable designs.

3.2.2.3 COMPRESSION SYSTEM

The installation of unrestrained (compression-type) bellows shall preclude axial or
bending loads that may overload connecting hardware or buckle the bellows.

Locate the bellows so the pressure-separating-force vector passes through the center of the

duct mounting points; if necessary, bellows can be installed with a biased shear deflection to
offset the effect of thermal expansion during operation (fig. 35). This principle can be

applied to axial deflection in the same installation. If the bellows is extended when installed,

thermal expansion of the duct compresses the bellows toward neutral (i.e., to its free

length).
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3.2.3 Bellows-to-Duct Attachment

3.2.3.1 JOINT QUALITY

The method for joining the bellows to the duct shall provide a joint of the highest

strength and highest quality consistent with other requirements.

Use a butt weld for joining the bellows neck to the duct (fig. 36). This technique provides a

Class I weld (radiographically inspectable) and eliminates any stress-raising crevices that also

could entrap contamination. In the case of thin-gage materials, a burndown weld, which also

in the end result is a butt weld, should be used.

When butt welds are impractical, a lap joint can be used, but it should be welded on both ID

and OD. Lap joints have little advantage other than being self-aligning for assembly ease.

To attach multi-ply bellows to a mating duct section, the multi-ply bellows end should be
resistance welded and trimmed through the center of the nugget, or joined by another

welding method. The resulting edge should then be butt welded to the mating duct.

3.2.3.1.1 Joint for High-Heat-Flux Region

Bellows-to-duct /unctions subject to high heat fluxes and attendant thermal

gradients shall be resistant to thermal fatigue failure.

A recommended design for this application is the forged Y-ring (fig. 59). The bellow-to-duct
attachments should be Class I welds. (Note that this design is free of contaminant traps

usually present in other designs ordinarily used.)

RAD I OGRAPfl I CALLY

I NSPECTABLE _,/ELDS//_

L,0.0,0,.,.0 "-""'"

HAROLINE DIA.ETER HAROLINE 01_eree

Figure 59. - Recommended bellows-attachment design for high-heat-flux region.

134



3.2.4 Flow Liners

Flow liners shah protect the bellows from flow-induced vibration and reduce
pressure loss.

Recommended designs are full cantilevered liners, short conical liners, and half liners (fig.

40). A liner cantilevered from the upstream end and having a scalloped leading edge for

flexibility to ease installation and fitup into the duct wall plus additional weld length for
structural purposes can be used for bellows designed for axial deflection. Short conical liners

can also be used; they can provide vibration protection and reduction in pressure loss equal
to those of a full-length liner. For an angulating bellows, a half-liner from each end will
minimize interference of the free end with the flow stream when the bellows is in the

maximum deflected position.

Although liners for flexible hose have been investigated, none have been successful enough
to warrant recommendation.

3.2.4.1 LINER BINDING

Flow liners for bellows shall perform the required flow function without
interfering with the bellows deflection function.

Design the liner with sufficient clearance so that it will not bottom out against ducting

structure under extreme bellows deflection conditions and thereby produce high reactive

loads at the duct-attach points. Careful design layout of the bellows position with respect to
the liner at maximum fabrication and deflection-excursion tolerances will ensure successful

operation in all deflected positions.

3.2.4.2 LINER DRAINAGE

Flow liner design shall provide for proper cleaning and pressure relief

Provide drain holes in flow liners for drainage of entrapped cleaning fluids or other

contaminants. The holes also permit some relief of the pressure differential across the liner
wall caused by sudden changes in flow through the bellows.

3.2.4.3 LINER COLLAPSE STRENGTH

Flow liners shall be capable of withstanding operational flow and pressure cycling

without collapse.

The liner wall thickness should be sufficient to prevent collapse under the worst possible
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pressuredifferential. Reference 111 presents an analytical technique for a specific case that

could be adapted for more general use.

An analysis should be made, in the preliminary design stage, of the possibility of flow

conditions creating an external pressure on the liner. References 95 and 96 attest to

inadequate design analysis of this condition and subsequent costly failures in the field.

3.3 FLEXIBLE HOSE

3.3.1 Routing

The design criteria and recommended practices for line-assembly routing (section 3.1.1) are

also applicable to flexible-hose assemblies.

3.3.1.1 BEND CONFIGURATION

A bend in a flexible-hose assembly shall not cause excessive deflections or

pressure losses in the flexible-hose elements.

Use a hard-tube elbow connected by straight lengths of flexible hose in the bend of a line.

Undesirable and preferred configurations are shown in figure 60.

Although the configuration on the left is undesirable from the standpoint of steady-state
stress and high pressure loss, it may be less susceptible to vibration modes perpendicular to

the plane of the elbow than the version on the right, which, particularly in large-diameter
high-pressure applications, would be quite stiff. If vibration is a problem, a tradeoff of the

attributes of each design should be made before making a selection.

FLEX

HOSE

[_/_HARDLINE

HARDLINE

(a) UNDESIRABLE FLEX-HOSE (b) PREFERREO FLEX-HOSE

ELBOW OESIGN ELBOW OESIGN

Figure 60. - Undesirable and preferred configurations for a flexible elbow.
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3.3.2 Sizing

3.3.2.1 FLOW AREA

Innercore geometry and flow area shah be consistent with the pressure-drop

requirements of the line.

Use test data and empirical prediction methods (refs. 120 through 125) in the design layout
phase to predict flow losses. Design the convolution geometry and line size to minimize
friction loss.

3.3.2.2 INNERCORE/HARDLINE RELATION

Where pressure drop is critical, the inner diameters of the hard line and innercore

shah be optimized for minimum total pressure loss.

For minimum pressure loss, calculate the total loss coefficient (expansion + innercore +

contraction) for a range of ratios of innercore diameter to hardline diameter. Select the
diameter ratio with the minimum total loss coefficient.

3.3.3 Innercore

The design criteria and recommended practices for bellows on pressure capability (see.

3.2.1.1), fatigue life (sec. 3.2.1.2), corrosion resistance (sec. 3.2.1.4), and manufacturing

(sec. 3.2.1.5) apply equally to flexible hoses. The criteria and practices on vibration (sees.

3.2.1.2.1 through 3.2.1.2.3) apply also, except that the innercore ordinarily is
braid-restrained to vibrate only in the individual-convolution mode.

3.3.3.1 OPERATIONAL CAPABILITY

The innercore shall withstand dynamic deflections and temperature extremes

In general, use metal hoses in all vehicle applications unless pressure drop is a critical factor

and the environment is compatible with the nonmetals.
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Hoseswith a nonmetalinnercore(e.g.,Teflon,KeI-F,rubber)arenot recommendedfor use
in cryogenicapplications,especiallywhen pressuresurgesor dynamicdeflectionsare
involved,becausethey aresubjectto brittle fracture.Theyalsoarenot recommendedfor
temperaturesabove500°Fbecauseof lossof _;trengthandchemicaldecomposition.

3.3.3.2 BENDING MOMENT

Bending moments of flexible hoses that cross the gimballed engine-to-airframe

interface shall be as low as possible.

The objective is to minimize loads on the gimbal actuator, particularly when many hoses are

flexed as a bundle. All design variables such as wall thickness, number of plies, live length,

and routing should be optimized to yield the lowest bending moment. Further reduction is

possible through the application of a bonded dry-film lubricant to the outer surfaces of the

innercore and to all surfaces of the restraining braid.

3.3.3.3 BUCKLING STABILITY

Flexible-hose braid restraint shall provide buckling stability when the hose is

pressurized.

Do not constrain the flexible-hose elements in the line by clamps or brackets. They must be

free to the extent that they can expand freely in the axial direction and permit the braid to

tighten sufficiently to restrain the innercore from buckling. On this account, choose the
length of braid so that it will tighten as required under load (sec. 3.3.4.2).

3.3.4 Braid

3.3.4.1 FREEDOM OF MOVEMENT

The braid configuration shall permit the hose assembly to angulate freely.

Braid in which the wires bottom out when angulated and thus prevent incomplete or

unequal innercore deflection should be avoided.
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Thehoseflexiblesectionshouldbeof sufficientlengthto permiteachwire to haveat leasta
360° helical wrap with a 45 ° braid angle, thus making optimum use of the braid strength.

3.3.4.2 LENGTH STABILITY

•The length of the flexible section shall be within dimensional tolerances after the

application of proof pressure.

Provide sufficient braid-wire cross-sectional area to restrain the proof-pressure separating
force of the innercore without yielding. Use equation (2) to determine the end strength of a

braid. Determine axial growth due to tautening of the braid after application of proof

pressure. Utilize manufacturing experience or equation (4) to predetermine the amount of
stretch so that the flexible section will be within length tolerances after proof pressure is

applied.

3.3.4.3 PRESSURE CAPABILITY

The flexible section shall retain its pressure-caro, ing capabilio, during application

of burst pressure.

Provide sufficient braid-wire cross-sectional area to restrain the burst-pressure separating

force of the innercore. Use adequate braid to meet the burst-pressure requirement. Utilize

equations (2) and (3) for determining braid-limited burst pressure (pressure above which the
hose will leak or lose pressure). Some yielding is permitted, but the hose must retain its

pressure-carrying ability. Also ensure that the braid will meet the nonyielding proof-pressure

requirement.

3.3.5 End Construction

End construction jor flexible metal hose shall provide structural integrity fi_r

braid attachment and innercore-to-tube end attachment under all operational
conditions.

For small-diameter (< 3 in.) braided metal hoses to be used in the cryogenic to +400°F

range, the end construction shown in figure 44(a) is recommended. Use a burndown-type
fusion weld to attach the innercore to the tube adapter and attach the braid to the tube

adapter with braze material. Use a thin-shell collar fitted snugly over the braid, with holes in

the collar to permit observation of adequate fill during the brazing operation.
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Usethe end constructionshownin figure44(b) for braidedmetalhosesto beexposedto
temperaturesabove400°F either from environmentalheator hot internal fluid. In this
all-weldedconstruction,the braid andcollar arefusionweldedto the tubeadapter.Make
allowancein theoriginaldesignfor lossof braidstrengthdueto welding.

The end constructionshownin figure44(c) is recommendedfor large-diameter(> 3 in.)
braidedmetalhosesto beusedin thecryogenicto +400°Ftemperaturerange.

3.3.6 Bending Moment

The moments required to deflect braided metal hoses shall be

allowable limits for the hose intended usage.

within the

Obtain from the intended supplier the predicted bending moments for flexible metal hoses

designed for a specific application; otherwise, rely on data developed in previous engine and

vehicle programs. Verify by structural analysis and later by test that the deflection-actuation

system and reaction-load-carrying ability of attaching structure are adequate for the

predicted and actual bending moments.

3.4 FILTERS

3.4.1 Filter Element

A filter element shall reduce fluid-system contamination to a tolerable level

Use a surface filter element such as twilled-double-Dutch wire cloth for control of

contaminant particle size in applications where maximum surface area with minimum

weight is required. Design the element to provide a minimum of residual contamination and

filter-material migration.

Use a depth filter such as stacked etched-metal disks when less control of contaminant size

is required and contaminant tolerance is not a consideration.

3.4.1.1 FILTER RATING

Physical data from the glass-bead qualification tests shall provide an accurate

determination of (1) the largest spherical particle that will pass through the filter

and (2) the size distribution of particles passed.
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Conductfiltration testsusingartificialcontaminant(glassbeads)underspecifiedconditions.
The detailedtest procedureis presentedin MIL-F-8815(ref. 133).To preventglassbeads
from coagulatingand obscuringthe count, add a 1-percentsolutionof wettingagent.An
effectivewettingagentcommerciallyavailableisTriton X-100.

Whencontrol of maximumparticlesizeis required,multiply the glassbeadrating by a
factorof 2.5for twilled-double-Dutchwirecloth.

3.4.1.2 SYSTEM CONTAMINATION/FILTER AREA

3.4.1.2.1 System Contamination

System contamination shall be limited by prefiltering the operating fluids prior to

final filtering in the system.

Use a large-capacity system prefilter having a finer rating than that required by the system,
so that fluid contamination is reduced to a level that will preclude overloading of the filter

installed to protect contamination-sensitive components such as spool valves and

metal-to-metal poppets and seats. Prefiltering is not always required when adequate external

propellant loading filters are utilized.

3.4.1.2.2 Filter Area

The amount of filter area shall be a maximum based on careful analysis of.

pressure-drop and contaminant-tolerance requirements.

Use pleated twilled-double-Dutch woven-wire cloth to obtain the maximum amount of
surface area for maximum service life. A cylindrical or conical shape provides the best

design. Stacked etched-metal disk filters should be used for finer filtration when pressure

drop and weight are not critical considerations.

3.4.1.3 RESIDUAL FILTER CONTAMINATION

The initial filter cleanliness shall be at an acceptable level.

Control the environment during fabrication, assembly, and testing. Use the SAE ARP599

(ref. 139) test method with modification. When flow can occur in either direction, conduct

the test for both the upstream and downstream sides separately by flowing through the
filter in both directions. When flow is in one direction, the downstream side only need be
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checked.The exceptionto ARP 599 is that eachsampleshouldbe 500 ml in 5 equal
incrementsof 100ml. It is recommendedthat for normalinstallationsthe particlecount
level be consistent with system requirements (ref. 131). When extremely
contamination-sensitivecomponentsare involved,the particle-countlevelspecifiedin table
VIII is recommended.

Table VIII. - Recommended Allowable Contaminant-Particle
Count for a Critical-Installation Filter

Size range,

5 to 10

10 to 25

25 to 50

50 to 100

100 to 300

300 and over

Fibers

Number of Particles

(500 ml sample)

100

20

5

1

0

0

*No slurry of fine particles that covers more than an estimated 5

percent of the total effective membrane filter area shall be allowed.

3.4.1.4 FILTER MATERIAL AS CONTAMINANT

The filter material and supporting structure shall not be a source of

contamination in the system.

Woven-wire cloth is recommended for use in applications requiring filtration ratings down to
15/a absolute (GBR). The woven-wire filter cloth having the best resistance to media

migration is twilled double-Dutch. When a filtration rating finer than 15 12absolute (GBR) is

required, use stacked etched-metal disks, taking into consideration weight and

differential-pressure penalties. If weight and differential pressure are critical, less desirable

techniques such as sintered matted metal fibers or the addition of a sintered powder to the

upstream side of the wire cloth or calendering of the cloth may be employed to obtain the
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finer filtration rating. Designthe supportingstructureso that clearancesare held at a
maximumto preventcontactunder flow-induced or system vibration. Attach wire-cloth
elements to the supporting structure by welding; use tungsten-inert-gas, heliarc, or

electron-beam process.

Do not confuse media-migration and residual-contamination requirements.

3.4.1.5 PRESSURE DROP

Design calculations shall predict the pressure drop across the tilter for the

required flowrate.

Assume that essentially all the pressure drop across the filter will occur at the smallest
cross-sectional flow area, which is usually determined by the supporting structure. Calculate

the pressure drop for the smallest cross-sectional area by means of the conventional

equations for flow through an orifice.

Attention also must be paid to the pressure drop created by the attachment of the element
to the case and to the case itself. Use the empirical equations of reference 132 to determine

the pressure drop for the filter.

3.4.1.6 TESTING

Test fluids used for evaluation and performance-demonstration tests shall provide
consistent and reliable data.

The following fluids are recommended as most suitable for the given filter tests, providing

that correlation by test with the working fluid is maintained:

Test

Flow/pressure drop

Largest particle passed

Dirt capacity and collapse pressure

Bubble point

*Meets specifications of MIL-C-81302B, Amend. 1, May 16, 1973.

Fluid

Freon*

De-ionized water

De-ionized water

Isopropanol (reagent grade)
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Beforea test, the test fluidsshouldbeprefilteredwith an0.8/a-maximummembrane-type
filter. After test, the filter shouldbe oven-vacuumdried (135°F and 1.0 psia) for a
minimumperiodof 1hour.

3.4.2 Filter Case

A f_lter case shall prevent movement of the filter element during engine operation,

and the case design shall preclude inadvertent omission of the filter element

during assembly.

Design the filter element such that it can be permanently attached to the case by welding.

Case designs that permit removal and replacement of the element should provide minimal

clearance at each end to prevent lateral movement. An anti-rattle Belleville spring can be

used to prevent longitudinal movement when tolerance-stackup gaps exist between the end
of the element and case.

Design the filter case such that the filter element is permanently attached by welding to one

of the case ends. Case designs that permit removal and replacement of the element should
incorporate a test to verify that the element is installed.
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APPENDIX A

Conversion of U.S. Customary Units to Sl Units

Physical quantity

Angle

Density

Elasticity

Energy

Force

Length

Mass

Pressure

Strength

U.S. customary

unit SI unit

Conversion

factor a

degree

Ibm/in. 3

psi ([bf/in. 2)

radian

kg/m 3

N/cm z

1.745x10 "2

2.768x104

6.895x10 d

Btu

lbf

ft

in.

micron

Ibm

psi

psi

J

N

m

cm

#m

kg

N/cm 2

N/cm 2

1.054x103

4.448

3.048x10 d

2.54

1.00

4.536x10 "t

6.895x10 d

6.895x10 "t

Stress

Temperature

Thermal conductivity

Thermal expansion
coefficient

Volume

ksi (1000 psi)

psi

oF

Btu/(hr-ft-°F)

in./(in.-° F)

gal

ml

N/cm 2

N/cm 2

K

J/(sec-m-K)

m/(m-K)

m 3

cm 3

6.895xi02

6.895x10 d

K = 5 (o F + 459.67)

1.730

1.8

3.785x10"3

1.00

a

Multiply value given in U_. customary unit by conversion factor to obtain equivalent value in SI unit. For a complete
listing of conversion factors for basic physical quantities, see Mechfly, E. A.: The International System of Units. Physical
Constants and Conversion Factors. Second revision, NASA SP-7012, 1973.
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APPENDIX B

GLOSSARY

Term or Symbol

A

A
w

angulation

axial deflection

Be

bellows

bubble point

burndown weld

compression system

contaminant
tolerance

contamination

tolerance level

convolution

(corrugation)

coupon

Definition

effective area of bellows

cross-sectional area of each wire in a braid

angular deflection imposed on a flexible joint

elongation or compression of a flexible joint along its longitudinal axis

braid efficiency

corrugated thin-wall pressure vessel, usually cylindrical in shape, that

when integrated into a duct or line assembly can accommodate duct

movements through deflection of the corrugations

gas pressure at which a gas bubble forms at the surface of a filter

immersed in a test fluid (per ref. 135)

fusion butt weld with no material added: usually applies to thin-gage

duct materials with bumdown lips bent up on ends to be welded

duct system wherein the fluid-column loads due to internal pressure are

reacted by the support structure

the amount (by weight) of a standard contaminant (added at the inlet

of a filter under specified fluid flowrate, temperature, and pressure)
that causes the pressure loss in the filter to exceed a maximum
allowable value

the value of contaminant particle size, or level of contamination, in a

fluid system at which the specified performance, reliability, or life

expectancy of the components of the system is adversely affected

longitudinal wave plastically formed in a thin-wall (usually metal) tube

a piece of material, representative of the material used in a part, that

accompanies the part during processing and subsequently is used as a

test specimen to evaluate properties of the part
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Term or Symbol Definition

cryogenic

cryopump

D
m

D o

E

effective area

ELI

end strength

endurance limit

exhaust blowback

exhaust plume

F B

F
w

fatigue life

filter

flexible hose

fluids or conditions at or below -238°F

to condense and freeze water vapor and gases on extremely cold

surfaces (e.g., those at liquid-hydrogen temperature) with the result

that, in a confined cavity, the pressure is lowered

mean diameter of bellows, D m = % (OD + ID)

outside diameter of bellows (-- OD)

Young's modulus of elasticity

area of a bellows joint at the main diameter of the convolutions;

internal pressure exerted over this area creates axial or end thrust

(pressure separating force) tending to elongate the bellows

extra low interstitial (metallurgical term)

axial-load-carrying capability of braided wire sheath of a flexible hose

section; load is created by pressure separating force in the hose

maximum stress at which a material presumably can endure an
infinite number of stress reversals

backflow of the exhaust from the rocket engines into the upper portion

of the engines

hot gases ejected from the thrust chambers of rocket engines ; the plume

expands as the vehicle ascends, thus exposing the engine and vehicle to
greater radiative area

braid end strength

strength of a single wire in a braid

number of cycles of stress, under a stated test condition, that can be

sustained by a material prior to failure

device in a fluid system that limits size and amount of particulate
contamination in the system downstream of itself

pliant conduit consisting of an inner core of convoluted metal or plastic

or plastic tubing and an outer braided wire sleeve that is attached to

fixed ends to prevent buckling and separation when the core is

pressurized
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Term or Symbol

flexible joint
(flexible section)

GBR

Gimbar

gland

gpm

H900

hard line

high-cycle fatigue

homokinetic plane

ID

innercore

intergranular corrosion

kinematics

LEM

line or duct

live length

Definition

metal bellows, flexible hose, or ball joint assembly that joins two duct

sections and permits relative motion between the ducts in one or more
planes; includes both tile flexible member and the restraint linkage

glass bead rating

gimbal ring with crossed bars for structural strength

the cavity in a flange or fitting that retains a static seal

gallons per minute

tempering process for martensitic precipitation-hardening steels

line or duct that incorporates no flexible joints but is provided with

deflection capability through the use of loops and elbows and
low-modulus or thin-wall material

fatigue life, characterized by elastic strains, greater than 104 cycles

in universal joints (or gimbal joints), the plane that is normal to the

plane containing tile shafts and bisecting the angle between them (ref.

106)

inner diameter

pressure-carrying tubular member of a flexible hose: made of

convoluted metal or plastic material or plain tubular plastic material
such as Teflon or rubber

phenomenon generally associated with stainless steels; caused by
formation of a complex chromium carbide that depletes the chromium

content along the grain boundaries

the study of motion exclusive of the influences of mass and force

total length of one braid wire between end connections

lunar excursion module

terms used interchangeably for an enclosed passageway (made of sheet

metal or other suitable material) that conveys fluids under pressure

overall length of the convolutions in a bellows that are capable of

accommodating imposed deflections
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Term or Symbol

low-cycle fatigue

manifold

MPR

MSLD

n

NASTRAN

OD

orange peel

outgassing

Pb

Pi

plain Dutch single
weave (PDSW)

planish

Pogo

pressure separating force

(or load)

Definition

fatigue life, characterized by plastic strains, in the 103 to 104 cycle

range

fluid-flow enclosure that distributes the flow in a desired manner from

an inlet or inlets to an outlet or outlets

maximum particle size rating

mass spectrometer leak detector

total number of wires in braid

acronym for NASA structural analysis

outer diameter (--- Do)

surface roughening that occurs when a metal of coarse grain is stressed
beyond its elastic limit; the grain pattern formed has the appearance of

an orange peel

gradual release of sizable quantities of gas from enclosed surfaces when
an enclosure is vacuum pumped

hose burst pressure (maximum pressure a flexible hose can retain

without losing pressure or fluid)

hose internal pressure

woven wire cloth in which each shute wire passes successively over one

and under one warp wire, each successive shute wire alternating the

order; the shute wires are smaller than the warp wires and are closely

spaced, the result being a dense weave

to produce a smooth surface finish on a wrought metal, usually by

roiling with highly polished rolls

term for feed-system-coupled longitudinal oscillations of a rocket

vehicle ; named after motion of a pogo stick

force (or load) generated by internal pressure tending to separate two

parts of a line assembly along the line of the force; for a convoluted
section such as a bellows or metal innercore, this force is equal to the

product of the internal pressure and the cross-sectional duct area at the
mean diameter of the convolutions
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Term or Symbol

o b

Definition

bending stress (motion stress)

Material*

A-286

Aerozine 50, A-50

AM 350, AM 355

Armco 21-6-9

body-centered cubic

CRES

Electrofilm 77S

electroless nickel

Epibond 121

face-centered cubic

Freon

GH 2

GN 2

GOX

Identification

heat-treatable, high-strength austenilic steel

50/50 mixture of UDMH and hydrazine per MIL-P-27402

semi-austenitic precipitation-and transforraation-hardening steels

iron-base 21Cr-6Mn-9Ni alloy manufactured by Armct, Steel Corp.

common metal crystal structure in which the cubic unit cell has o_lc
atom located at each corner and one atom in the center t_f the cube:

this structure is not suitable fol cryogenic _se because it has fewer

degrees of freedom for movement than tace-centercd-cubic structure

corrosion-resistant steel

solid dry-fihn lubricant manufactured by Electtofilm Co. (N.

Hollywood, CA)

nickel plate achieved by a chemical reduction process as distinguished

from the electrolytic deposition proccss

an unfilled epoxy adhesive manufactured by Furane Plastics (_,.

(Glendale, CA)

common metal crystal structure in which the cubic unit cell has one
atom located at each corner and one atom in the center of each face of

file cube; this structure is suitable for cryogenic use because it has many

degrees of freedom for movement

trade name of E. I. du Pont de Ne|noUlS & Co. i_>l a family of

fluorinated hydrocarbons

gaseous hydrogen

gaseous nitrogen

gaseous oxygen

*Additional information on metallic materials herein can be found in the 1972 Handbook, SAE, T_ Pcnns} Ivania Piazza,

New York, NY; in MIL-HDBK-5B, Metallic Materials and Elements for Aerospace Vehicle Struclures, Dept. of 1)efcnsc

(Washington, DC), September 1971 ; and in Metals Handbook (8th ed.), Vol. 1 : Properties and Selection of Metals, Am.

Society for Metals (Metals Park, OH), 1961.
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Material

Hastelloy C

Haynes Stellite 6B, Star J

helium (He)

Inconel 600,625,

718, X-750

Kel-F

"K" Monel

LH 2

Lithafrax filler

LN 2

LOX

Micarta

MMH

Monel

N-155

N 2H 4

N204

PH 15-7Mo

Refrasil

Rene 41

Identification

heat-resistant nickel-base alloy manufactured by Stellite Div., Cabot

Corp.

cobalt-base Cr-Ni-W-Fe alloys manufactured by Stellite Div., Cabot

Corp.

pressurant helium per M1L-P-27407

nickel-base alloys manufactured by International Nickel Co.

trade name of 3M Corp. for a polymer of chlorotrifluoroethylene

trade name of International Nickel Co. for a wrought age-hardenable

alloy containing Ni, Cu, and A1

liquid hydrogen (ft2), propellant grade per MIL-P-27201

lithium aluminum silicate, a filler material with a low or negative

coefficient of thermal expansion;manufactured by Carborundum Corp.

(Niagara Falls, NY)

liquid nitrogen

liquid oxygen (02), propellant grade per MIL-P-25508

trade name of Westinghouse Electric Corp. for a group of laminated

plastics involving paper or cloth and phenolic or melamine resins

monomethylhydrazine, propellant grade per MIL-P-27404

Ni-Cu alloy manufactured by International Nickel Co.

iron-base Co-Cr-Ni-Mo-W alloy

hydrazine, propellant grade per MIL-P-26536

nitrogen tetroxide (oxidizer), propellant grade per MIL-P-26539

semi-austenitic precipitation- and transformation-hardening steel

trade name of HITCO (Los Angeles, CA) for fibrous silica of high

purity

trade name of General Electric Co. for an austenitic Ni-Cr-Co-Mo alloy
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Term or Symbol

pressure-volume compensator
(PVC)

psig

R=-I

Re

retort

RH950

safety factor

SCT850

See/see

S-N

SSME

storable propellant

stubout

super-insulation

Definition

flexible duct system that, by means of mechanical linkage to a series of

secondary bellows having an effective area equal to that of the primary
bellows, creates an opposing force that counteracts the end thrust

pounds force per square inch, gauge

designation showing that imposed strain in fatigue testing is equal in
both directions from neutral

radius of convolution

ratio of the centerline bend radius (R) to the inside diameter (D) in an
elbow

Reynolds number

vessel used in an oven or furnace to enclose the work being heat treated

in a controlled atmosphere

tempering process for austenitic precipitation-hardening steels

an arbitrary multiplier greater than 1 applied in design to account for

design uncertainties, e.g., slight variations in material properties
fabrication quality, and load distributions within the structure

tempering process for austenitic precipitation-hardening steels

standard cubic centimeters per second

stress vs number of cycles to failure; plots of such data are used in

fatigue testing

Space Shuttle main engine

propellant with a vapor pressure such that the propellant can be stored

in a specified environment (earth or space) at moderate ullage pressures

without significant loss over a specified period of time

tubular nipple protruding from a component to which the connecting
line is welded or brazed

high-efficiency laminated-foil insulator used in low temperature
applications; thermal conductivity is 1/10 to 1/150 that of common

insulating materials
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Term or Symbol Definition

surfactant

T3,T4, T6, T73, T351

t

tension system

TH1050

thrustvectorcontrol

torsional deflection

twilled double Dutch

weave (TDDW)

weld, Class I

weld, Class II

wraparound

8

0

oB

surface active agent; e.g., material that reduces surface tension when
dissolved in water

designations for heat-treating and tempering processes for aluminum

alloys

thickness

duct system wherein the fluid-column or longitudinal forces due to

internal pressure are not transmitted to the supporting structure; the

fluid-column loads of such a duct system are reacted by axial tension in

the duct walls

tempering process for austenitic precipitation-hardening steels

steering or guidance of the vehicle by angular deflection of the rocket

engine thrust vector; e.g., by gimballing the engine about a pivot point

deflection imposed on a flexible joint by applying a torque about its

longitudinal axis

woven wire cloth in which each shute wire passes successively over two

and under two warp wires and each warp wire passes successively over
two and under two shute wires; the shute wires are smaller than the

warp wires and overlap, the result being a dense weave

weld that must be inspected by visual, dhuensional, magnetic particle or

penetrant, and radiographic or ultrasonic means and meet specifications
on defects and porosity

weld that must be inspected by visual, dimensional, and magnetic

particle or penetrant means and meet specifications on defects and

porosity

term for a flexible duct or hose assembly that "wraps around" the

thrust-vector-control gimbal of a rocket engine in the plane of the

gimbal

braid or helix angle

required gimbal angle

braid elongation

bulging stress
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Material

_-1

_-1

Teflon

Ti-5A1-2.5Sn

Ti-6A1-4V

Ti-40A

trichloroethylene

Triton X-100

UDMH

Viton

Waspaloy

zeolite

17- 4PH, 17-7PH

18%-Ni maraging steel

18-8 CRES

19-9DL

304,304L, 310,316,

321,347

2014,2024,2219

6061

Identification

ram-jet fuel, propellant grade per MIL-F-25558

kerosene-base hydrocarbon fuel, propellant grade per MIL-P-25576

trade name of E.1. du Pont de Nemours & Co. for a variety of polymers

of tetrafluoroethylene

titanium-base A1-Sn alloy used in the annealed condition only

titanium-base A1-V alloy used in either annealed or solution-treated and

aged conditions

one of five grades of commercially pure titanium, yield strength of

approximately 40 ksi

CHCI=CCI 2, a chlorinated hydrocarbon solvent per MIL-T-27602

wetting agent manufactured by Rohm & Haas (Philadelphia, PA)

unsymmetrical dimethylhydrazine, propellant grade per MIL-P-25604

trade name of E.I. du Pont de Nemours & Co. for linear copolymer of

vinylidene fluoride and hexafluoropropylene

precipitation-hardening nickel-base superalloy manufactured by Pratt &
Whitney Aircraft Div., United Technologies Corp.

designation for a group of sodium aluminum silicates

precipitation-hardening wrought stainless steels

iron-base Ni-Co-Mo, age-hardenable alloy

family of austenitic corrosion-resistant steels containing approximately
18% chromium and 8% nickel

trade name of Cyclops Corp. for an austenitic iron-base 19Cr-9Ni alloy

chromium-nickel austenitic stainless steels (18-8 family)

wrought aluminum alloys with Cu as the principal alloying element

wrought Al alloy with Mg and Si as the principal alloying elements
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Material

7075

ABBREVIATIONS

Organization

AFBSD

AFML

AFRPL

AFSC

AIAA

ASCE

ASLE

ASME

BSD

CPIA

DMIC

ICRPG

JSME

MSC

MSFC

SAE

SAMPE

SRI

UCLA

Identification

wrought aluminum alloy with Zn as the principal alloying element

Identification

Air Force Ballistic Systems Division

Air Force Materials Laboratory

Air Force Rocket Propulsion Laboratory

Air Force Systems Command

American Institute of Aeronautics and Astronautics

American Society of Civil Engineers

American Society of Lubrication Engineers

American Society of Mechanical Engineers

Ballistic Systems Division

Chemical Propulsion Information Agency

Defense Metals Information Center

Interagency Chemical Rocket Propulsion Group

Japanese Society of Mechanical Engineers

Manned Spacecraft Center (now Lyndon B. Johnson Space Center)

Marshall Space Flight Center

Society of Automotive Engineers

Society for Advancement of Material and Processing Engineering

Southwest Research Institute

University of California at Los Angeles
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Organization

WADC

WPAFB

Document

AIR

ARP

Identification

Wright Air Development Center

Wright-Patterson Air Force Base

Aerospace Information Report

Aerospace Recommended Practice
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SP-8102

CHEMICALPROPULSION

SP-8089

SP-8087

SP-8113

SP-8120

SP-8107

SP-8109

SP-8052

SP.8110

SP-8081

SP-8048

SP-8101

Spacecraft Attitude Control During Thrusting Maneuvers, February
1971

Tubular Spacecraft Booms (Extendible, Reel Stored), February 1971

Spacebome Digital Computer Systems, March 1971

Passive Gravity-Gradient Libration Dampers, February 1971

Spacecraft Solar CellArrays, May 1971

Spaceborne Electronic Imaging Systems, June 1971

Space Vehicle Displays Design Criteria, March 1972

Space Vehicle Gyroscope Sensor Applications, October 1972

Effects of Structural Flexibility on Entry Vehicle Control Systems,
June 1972

Space Vehicle Accelerometer Applications, December 1972

Liquid Rocket Engine Injectors, March 1976

Liquid Rocket Engine Fluid-Cooled Combustion Chambers, April 1972

Liquid Rocket Engine Combustion Stabilization Devices, November
1974

Liquid Rocket Engine Nozzles, July 1976

Turbopump Systems for Liquid Rocket Engines, August 1974

Liquid Rocket Engine Centrifugal Flow Turbopumps, December 1973

Liquid Rocket Engine Turbopurnp Inducers, May 1971

Liquid Rocket Engine Turbines, January 1974

Liquid Propellant Gas Generators, March 1972

Liquid Rocket Engine Turbopump Bearings, March 1971

Liquid Rocket Engine Turbopump Shafts and Couplings, September
1972
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SP-8100

SP-8088

SP-8094

SP-8097

SP-8090

SP-8119

SP-8112

SP-8080

SP-8064

SP-8075

SP-8076

SP-8073

SP-8039

SP-8051

SP-8025

SP-8093

SP-8115

SP-8114

SP-8041

Liquid Rocket Engine Turbopump Gears, March 1974

Liquid Rocket Metal Tanks and Tank Components, May 1974

Liquid Rocket Valve Components, August 1973

Liquid Rocket Valve Assemblies, November 1973

Liquid Rocket Actuators and Operators, May 1973

Liquid Rocket Disconnects, Couplings, Fittings, Fixed Joints, and Seals
September 1976

Pressurization Systems tbr Liquid Rockets, October 1975

Liquid Rocket Pressure Regulators, Relief Valves, Check Valves, Burst

Disks, and Explosive Valves, March 1973

Solid Propellant Selection and Characterization, June 1971

Solid Propellant Processing Factors in Rocket Motor Design, October
1971

Solid Propellant Grain Design and Internal Ballistics, March 1972

Solid Propellant Grain Structural Integrity Analysis, June 1973

Solid Rocket Motor Performance Analysis and Prediction, May 1971

Solid Rocket Motor Igniters, March 1971

Solid Rocket Motor Metal Cases, April t970

Solid Rocket Motor Internal Insulation, December 1976

Solid Rocket Motor Nozzles, June 1975

Solid Rocket Thrust Vector Control, December 1974

Captive-Fired Testing of Solid Rocket Motors, March 1971
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